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To Raffaele and Jolanda



When doctors first look at sutureless anastomosis devices created by new
technologies, the most frequent comment is how amazingly easy it is to
create a vascular anastomosis and, as a direct consequence, they believe
anybody could play the role of the cardiovascular surgeon. Pessimistic car-
diovascular surgeons, on their side, think that creating a machine capable
of perfectly reproducing their core activity, which consists in making anas-
tomosis, will kill their profession. Actually, no medical specialty’s demise
has been more often predicted and, at the same time, more greatly exag-
gerated than that of cardiovascular surgery. According to its detractors, be-
ginning in the late 1980s with the angioplasty boom, continuing in the
mid-1990s with the introduction of bare metal stents, and then more re-
cently with the introduction of drug-eluting stents, cardiovascular surgery
has been on life support for nearly 15 years.

This specialty’s claimed collapse has generally been attributed to recent
advantages in percutaneous procedures and devices that give the opportu-
nity to non-surgeon doctors to accomplish the surgeon’s work.

The reality is different. Data suggest that cardiac surgery continues to
survive and has not suffered the precipitous decline that was predicted.
From the economical standpoint, CABG is much more of a mature market
and the size of the opportunity remains impressive and relatively stable,
with around 1,500,000 procedures performed annually worldwide, at a total
cost approaching 2.5 billion US$.

The introduction of sutureless anastomosis technology should not alarm
cardiac and vascular surgeons. First of all, new anastomotic technologies
are not as new as they seem to be, because the sutureless anastomosis
technique was born few years before the suture one. Second, the technolog-
ical progress only gives us more powerful tools to accomplish our everyday
mission and it will never replace our spirit or our job.

Surgeons should get rid of the fear of changing their rituals, slowing
down the adoption of new techniques. Being more open to progress will at-
tract more investors and this will speed up the research development even-
tually leading to less technically demanding procedures and, last but not
least, more and more patient friendly treatments. Indeed, patients are the
real recipient of technical progress.

Preface



However, new technologies should not develop faster than the profes-
sion’s ability to provide evidence-based data to support their application
and, at the end of this review, the reader should be aware of the need to
create standards and guidelines for a consistent evaluation of all devices
for facilitated anastomosis in coronary and vascular surgery. We have a
dual and somehow ambiguous role of assisting industry in bringing new
devices to market and trimming down the risk of harming patients that is
always relate to new therapies.

Since the beginning of cardiac surgery, proximal and distal anastomosis
for coronary artery bypass grafts (CABGs) have been done with hand-held
sutures based on the principles of the suture technique described by Alexis
Carrel in 1902 [1]. The reason why we have been performing the suture
technique for the last 100 years and we now consider it the gold standard,
is because it is reliable and provides excellent long-term results. Reliability
and excellence of long-term results are the two key elements for any medi-
cal device or drug to be widely accepted.

One of the basic principles of cardiovascular surgery is the precise
placement of sutures between the two edges of severed vessel, keeping an
intima-to-intima contact and avoiding flaps and purstring effect. Any im-
precision may lead to anastomosis occlusion or flow impairment and even-
tually compromises the vascular anastomosis durability with catastrophic
clinical consequences. The future of Coronary Artery Bypass Grafting and
all vascular surgery depends on the refinement of the anastomosis tech-
nique to produce more consistent graft patency in a surgical environment
that is becoming more and more challenging for the cardiovascular sur-
geon since minimally invasive approach and beating heart surgery have
been introduced. For example, manual suturing of the anastomosis in vi-
deo-assisted port access surgery on the beating heart, even with the aid of
a master-slave robotic surgery system, has proved to be prohibitively diffi-
cult [2, 3]. Besides, target vessels are increasingly smaller and diseased and
surgeons have to deal with vascular reconstructions that are very complex
due to the aging of the population and the increasing number of patient’s
comorbidity. In coronary surgery, the hand-sewn proximal anastomosis
still requires the aortic cross-clamp or side clamp increasing the risk of
neurological and neurocognitive complications [4] and aortic dissection
[5]. Moreover, it’s a matter of fact that surgical dexterity is still a determin-
ant factor for anastomosis outcome.

The suture technique for vascular anastomosis construction is becoming
inadequate to meet new surgeon’s demands and surgeons need an alterna-
tive way to construct a bypass in order to reduce the technical demand
and standardise the quality of the surgical procedure.

New anastomotic technologies should facilitate consistency in graft qual-
ity while expediting the anastomosis procedure. Moreover, any automated
vascular suturing device should provide a standard quality of anastomosis,
reducing the individual surgical dexterity as a prognostic factor for vascu-
lar anastomosis outcome.
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This book is dedicated to surgeons, students, biomedical engineers and
researchers with a special interest in vascular anastomosis and bypass tech-
niques that want to update their knowledge concerning the major deter-
minants of anastomosis outcome and all the existing alternatives to the su-
ture technique. In this book, we review the principles of rheology applied
to vascular anastomoses and the most recent anastomotic technologies. It
would be virtually impossible to describe every anastomosis device that is
the object of intellectual property protection, because the majority of them
do not even reach the phase of prototype development. Therefore, only de-
vices that have showed excellent experimental and clinical results are pre-
sented and discussed. We disclose the secrets and pitfalls of new sutureless
anastomotic devices demonstrating that the “new anastomotic technologies”
are based on concepts expressed in the XIXth century.

We also outline the criteria to safely evaluate sutureless anastomotic de-
vices hoping to reduce as much as possible the risks for patients and doc-
tors that blindly trust new technologies.

z Acknowledgement: I would like to thank Prof. Ludwig K. von Segesser
who encouraged me to undertake this project, and Alessandra, Iker and
Marco who helped me move the book to completion.
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The first non-scientific report of vascular anastomoses goes back to 300
A. D. when Cosma and Damiano first tried to re-implant a limb using ivory
needles and a row flax stitches to suture vessels. Unfortunately, results were
not reported, but it is fair to assume the results were very poor since the
technique never spread out [1].

The first pseudo-scientific report goes back to 1774, when LeConte, a
French medical student, replaced an injured femoral artery with a quill-
pen using a sutureless technique. However, infection made it an unsuccess-
ful attempt [1]. All these attempts to restore the continuity of a severed
vessel failed, as reported by Alexis Carrel, the father of vascular anastomo-
sis, in his Nobel lecture in 1912: “Many surgeons had previously to myself
performed vascular anastomosis, but the results were far from satisfactory”
[2] and this document is now considered vascular surgery’s birth certifi-
cate. As a matter of fact, the first scientific attempt to restore vessel wall
continuity goes back to January 13, 1894, 8 years before the description of
the suture technique by Carrel. In the New York Medical Journal, Robert
Abbe reported the possibility to replace an animal arterial conduit with
hourglass shaped glass prosthesis. Glass prostheses with diameters from
“dog femoral artery” to “sheep aorta”, were boiled and filled of water be-
fore the insertion into the artery and the connection with the native vessel
was provided by a “fine silk suture tied each end over the tube” as shown
in Figure 1 [3]. Results were encouraging only when large tubes were used.
For dog femoral artery size graft, early occlusion was bound to happen.

In the last years of the 19th century, ivory cuffs [4], paraffined silver
tubes [5] and ox shin bones [6] were inserted into vascular conduits or po-
sitioned around them, trying to replace or repair vessels, but clinical re-
sults did not encourage the pioneers of vascular surgery to continue their
works. A step forward in the development of suturless technique for vascu-
lar reconstruction was done by Payr [7] in 1900 when he published the de-
scription of his absorbable extraluminal magnesium ring design (Fig. 2).
The proximal end of the severed vessel was threaded through the ring,
everted over its edge, and held in place by a circumferential ligature. The
distal end was dilated for insertion of the rigid cuff with its everted vessel.
The anastomosis was completed by another circumferential ligature, there-
by achieving intima-to-intima apposition.

Historical overview
of vascular anastomoses
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In 1904 Payr [8] presented a new device made of two interlocking mag-
nesium rings (Fig. 3). Small pins on one side kept the vessel ends everted.
The pins passed full-thickness through both vessel walls and the holes in
the matching ring before being bent to secure the anastomosis.

This device showed close resemblance to the system designed by Henroz
[9] in 1826 for bowel anastomosis. Payr’s device results were not even com-
parable to those obtained with Carrel’s suture technique, but his work in-
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Fig. 1. Abbe’s glass prostheses re-
minded a double sand-glass where
each groove facilitate the vessel-de-
vice connection. The prostheses were
boiled and filled of water before the
insertion into the artery and the con-
nection with the native vessel was
provided by silk suture tied each end
over the tube.

Fig. 2. Payr’s absorbable extraluminal
magnesium ring design. The proximal
end of the severed vessel (1) was
threaded through the ring (2), everted
over its edge (3), and held in place
by a circumferential ligature (4). The
distal end was dilated for insertion of
the rigid cuff with its everted vessel.
The anastomosis was completed by
another circumferential ligature, there-
by achieving intima-to-intima apposi-
tion.



spired many surgeons that have elaborated his basic concepts over 100
years. As a modification of Payr’s original design, in 1913 Landon [10] de-
veloped a metal ring that was smooth on one end and contained five
slightly everted teeth on the other. The everted vessel wall was connected
to the anvil element by means of these five pins avoiding the need of a lig-
ature and speeding up the anastomosis construction (Fig. 4).

To find new consistent proposals as alternative to suture technique, we
must wait until 1942. Blakemore [11] advanced Payr’s technique using
vein-graft-lined rigid vitallium tubes to bridge arterial defects and World
War II allowed clinical trials of both suture and non-suture techniques
(Fig. 5). Initially designed to bridge arterial defects, the technique was also
used to facilitate end-to-end anastomoses such as in porta-cava anastomo-
ses.

In an extensive review of vascular trauma during that war, De Bakey
and Simeone stated that there was a slight increase in the number of am-
putation required following Blakemore’s technique, although it was not sta-
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Fig. 3. The interlocking magnesium rings Payr presented in 1904 were
similar to the Henroz’s device for bowel anastomosis. Small pins on one
side kept the vessel ends everted. The pins passed full-thickness through
both vessel walls and the holes in the matching ring before being bent
to secure the anastomosis.

Fig. 4. Landon’s metal ring was smooth on one
end and contained five slightly everted teeth on
the other. The everted vessel wall was connected
to the anvil element by means of these five pins
avoiding the need of a ligature and speeding up
the anastomosis construction.



tistically significant [12]. Moreover, the sutureless technique was used in
cases in which suture repair was not feasible and in which the proportion
of critical vessels involved was higher. Interest in non suture technique
waned as reconstructive peripheral vascular surgery began to gain accep-
tance using suture techniques for vein grafts in atherosclerotic vessels.

Stapling for vascular reconstruction was promoted in the USSR as a re-
sult of shortage of surgeons and the exigencies of war, because staples the-
oretically provided greater speed, safety and accuracy. In 1941, BF Gudov,
a soviet engineer designed and constructed a vessel anastomosis stapler
that was utilized successfully both in the surgical laboratory and operating
room.

In 1956, Androsov’s vascular anastomotic stapler [13] renovated the in-
terest for sutureless technique. Stapling is a new concept, for that time. A
stapler consists of a pusher that forces the two ends of a U-shaped wire
through the objects to be joined, coupled with an anvil that bends the ends
of the staple to grip the objects. The metallic staple device joined vessels
by inserting multiple staples simultaneously and bending them into a B
shape, thereby securing the anastomosis (Fig. 6). Androsov used this de-
vice for experimental and clinical end-to-end arterial repairs and vein
grafts. Inokuchi modified this technique for end-to-side anastomoses [14].

z 1 Historical overview of vascular anastomoses4

Fig. 5. Different methods of
using a single vitallium tube
for vascular end-to-end anas-
tomoses as described by Bla-
kemore et al.

Fig. 6. Androsov developed a staple
device that joined vessels by inserting
multiple staples simultaneously and
bending them into a B shape, thereby
securing the anastomosis.



The first internal mammary-coronary artery anastomosis constructed
with a mechanical device in dogs was published in 1961 by Goetz [15].
The device used was similar to Payr’s rings, with tantalum instead of mag-
nesium. Goetz performed end-to-end IMA on LAD and IMA on Circumflex
artery anastomoses in 12 dogs and long-term results (4 animals were still
alive 20 months later) were superior to direct suture methods on beating
heart (Fig. 7).

In 1962, Nakayama [16] developed two identical metallic rings with 6
spaced holes and pins to repair vessels 1.5 to 4.0 mm in diameter with vir-
tually 100% patency in an experimental model (Fig. 8). The apparatus was
also for end-to-side anastomoses, although it resulted in inclusion of a
great part of the vessel wall, with subsequent stenosis at the anastomotic
site.

1 Historical overview of vascular anastomoses z 5

Fig. 7. Internal mammary-coronary artery end-to-
end anastomosis published in 1961 by Goetz. The
device was similar to Payr’s rings, with tantalum
instead of magnesium.

Fig. 8. Nakayama’s rings. Vessel edge is
everted onto a flange having 6 pins to
pierce the vessel wall and 6 holes to re-
ceive the pins of the opposite flange.



Haller [17] introduced in 1965 a modernization of Payr’s original cuff
ring method, using a perforated tantalium ring to potentially decrease ves-
sel wall necrosis and demonstrated a 92% early patency rate in canine ves-
sels less than 4 mm in diameter.

A very promising absorbable anastomotic coupler device for microanas-
tomoses (vessel diameter from 1 to 2 mm) was presented in 1984 (Fig. 9).
It consists of 2 symmetric anvil elements each of which is positioned at
the end of the severed vessel, with the distal part of the vessel everted onto
the anvil. A 3rd element is used to connect the vessel’s ends in an end-to-
end fashion. This device has several potential advantages: it is made of
polymer absorbable over a 3 month period, the blood exposed non-intimal
surface is zero because there isn’t any foreign material in the vessel lumen,
and it provides a perfect intima-to-intima apposition. In an animal model,
the 12-month patency rate was as high as 96%. Unfortunately, there is a
mean vessel consumption of 4 mm in length due to the vessel eversion over
the anvil that affected its diffusion [18].

In 1978 Obora published an original method of sutureless microvascular
anastomosis (up to 2 mm in diameter) based on magnet rings and hollow
cogwheel-shaped metal devices held together by magnetic energy. This is
the fist time in the history of sutureless anastomosis devices that magnetic
force is used to restore the continuity of a severed vessel. This device al-
lows the construction of end-to-end anastomosis and it reliability has been
validated in an animal study in which it was possible to construct micro-
anastomoses in about 8 min, dramatically reducing the technical demand
of the procedure. Moreover, using this very simple and reliable technique,
authors obtained excellent early graft patency rates [21].

Based on the Nakayama apparatus, Ostrup and Berggren introduced the
Unilink system in 1986 [20]. This system that is still in use, consists of two
polyethylene rings with alternating stainless steel pins and holes. After in-
sertion of the vessel ends, the rings are approximated with a dedicate de-
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Fig. 9. This sutureless anastomo-
tic device consists of 2 sym-
metric anvil elements each of
which is positioned at the end
of the severed vessel, with the
distal part of the vessel everted
onto the anvil. A 3rd element is
used to connect the vessel’s
ends in an end-to-end fashion.
The device is totally absorbed in
few weeks.



vice. Currently four sizes of ring are available, ranging from 1.0 to 2.5 mm
in diameter. Reports continue to appear on the use of the Unilink system,
providing the device to be simple, efficacious and significantly faster than
conventional suturing. The system seems to be best suitable for end-to-end
anastomoses of soft, pliable minimally size-discrepant vessels. Although
most report concern venous anastomoses, the device can be also used for
arteries, but severely atherosclerotic arteries are a contradiction to its ap-
plication. One potential drowback is that the rings are permanently placed
with subsequent detrimental physiologic effects at the anastomotic site, in-
ducing atrophy of the media both at the level of the ring and proximal to it
[20].

In the heat-shrink tubing presented in 1991 the concept of vessel wall
eversion was revisited and coupled with a heat-shrinkable tubing to ensure
the connection between the edges of the severed vessel [19]. Once again,
the conduit’s ends are everted on an extra-vascular anvil and inserted in
the 3rd polymeric element for a few millimetres. This element is then
heated to 45–50 �C to make it shrink around the vessels ends, and the end-
to-end anastomosis is completed (Fig. 10).

A year later, in 1992, Kirsch first published a new method to create mi-
crovascular anastomoses based on the principle of flanged, extra vascular,
intimal approximation by arcuate-legged stainless steel clips [22]. Vessel
ends undergo 90� eversion and are then held together with extravascular
staples. This technique was considered biologically and technically superior
to the penetrating microsuture. This concept has been extensively investi-
gated for several years giving rise to different devices, the most famous
being the “one-shot device”. This connector can deliver 10 to 12 titanium
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Fig. 10. In the heat-shrink tubing presented in
1991 the concept of vessel wall eversion is revis-
ited and coupled with a heat-shrinkable tube to
ensure the connection between the edges of the
severed vessel. The conduit’s ends are everted
on an extra-vascular anvil and inserted in the
3rd polymeric element for a few millimetres. This
element is then heated to 45–50 �C to make it
shrink around the vessels ends, and the end-to-
end anastomosis is completed.



clips simultaneously, allowing the construction of end-to-side and end-to-
end vascular anastomosis in virtually all vessels. The graft, vein or artery,
is preloaded onto the delivery system, inserted into the target vessel trough
standard arteriotomy, the clips are then fired and the anastomosis is com-
pleted. Clinical results, mostly based on the construction of A-V fistulas
for dialysis, were very encouraging and this attracted many important in-
vestors [23]. Even with a takeoff angle for end-to-side of 45�, no foreign
material in the vessel lumen and simplicity of use are without any doubt,
successful elements, this device has never been widely accepted.

Lasers have been used to repair arteries since 1979 [24]. Jain and Gor-
isch were the first to report on vascular anastomosis using a neodymium
yttrium-aluminium-garnet laser. They described a hybrid technique using
few stay stitches and welding the rest of the anastomosis with laser light.
This procedure requires less time than conventional technique and the pa-
tency rate are at least equal. There is an ongoing debate regarding which
type of laser has the greatest potential. The laser power measured in watts,
and the amount of energy and time required vary for the type of laser and
for the size of the vessels. Whenever the CO2 laser is used, the tissue tem-
perature is reported to rise to 80� to 120 �C and adhesion occurs through
melting of collagen and coagulation of cells in the media and adventitia. In
the process of wound healing, this coagulum is gradually replaced by fi-
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Fig. 11. Biological glue coupled with a catheter
system that stabilise the anastomosis during glue
injection to perform a side-to-side anastomosis.



brous and muscular tissues. Argon lasers used for vascular anastomoses
generate a surface temperature of 43� to 48 �C which is below the tempera-
ture at which collagen degenerates. The largely accepted theory explaining
the mechanism by which the Argon laser fuses tissues is that protein bonds
are degraded thermally, allowing proteins to rebind to adjacent proteins re-
sulting in a smooth tissue-tissue connection. However, even if the anasto-
mosis strength has been improved with the use of albumin solder [25], this
technique has some important limitations: thermal injury to the vessel wall
can lead to pseudoaneurysm formation and anastomotic failure [26]. More-
over, the acute histology suggests entry of albumin into the arterial lumen
[23] and the role this has on long-term patency has not been determined
yet.

Recently, biological glue coupled with a catheter system that stabilise the
anastomosis during glue injection has been developed to perform a coro-
nary anastomosis in 3 goats, demonstrating the feasibility of the technique
(Fig. 11), but the development of this technique seems to be stuck in the
experimental phase [25].

A chronological resume of sutureless anastomosis devices is reported in
Figure 12.
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Fig. 12. Chronological summary of the sutureless anastomoses history.



Virtually all the presented devices have more than one limitation that
have prevented their wide acceptance and we can summarize the funda-
mental drawbacks of the historical sutureless devices as follows:
z complex and cumbersome instrumentation
z rigid foreign body enclosing a dynamic dilating structure
z nonflexible technique inapplicable for significant vessel size discrepan-

cies or end-to-side anastomosis
z all showed very poor clinical results.

New anastomotic devices should overcome all these limitations to become
widely acceptable and the keys to success are reliability and better clinical
results.
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z Introduction

Arterial hemodynamics play an important role in the genesis and progres-
sion of vascular diseases and anastomoses outcome [1]. Flow dynamics on
the vessel bifurcation and on the vascular anastomosis and the mechanical
properties of artery wall seem to play an important role in the development
of myointimal hyperplasia. Non-physiological or turbulent flow fields like
flow stagnation, flow separation, recirculation, as well as intramural stress
distributions promote atherosclerotic disease and myointimal proliferation
(Fig. 1).

Myointimal hyperplasia can reasonably be considered the leading cause
of anastomosis stenosis and eventually occlusion and, therefore, it is the
cardiovascular surgeon’s number one enemy (Fig. 2).

To better understand the effects of flow dynamics on vascular anastomo-
ses it is necessary to review the principles of fluid mechanics. This chapter
reviews the essential concepts of flow dynamics applied to the blood tissue
and analyses the mechanical properties of normal artery walls and their
methods of quantization, pointing out the areas that deserve further re-
search.

2.1 The physical nature of blood flow

The vascular system has 3 main specific characteristics:
z it has a three-dimensional geometry that involves shape in diameter,

spatial bending and twisting;
z it has a tree structure that involves branching and bifurcation with dis-

continuities at joining points;
z it has a dynamic motion mostly seen in coronary arteries that involves

translation, rotation, extension and contraction.

On top of this, one should consider that atherosclerosis and aging pro-
cesses deeply affect all these characteristics. It can be easily understood
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that it is extremely difficult to reproduce an experimental or mathematical
model that takes into account all the characteristics of the vascular system
and all its changes due to aging and atherosclerosis. Therefore, all the
models we describe in this chapter reproduce only a part of the real physi-
cal situation, but this is the best we can do today.

The equations most commonly used to describe the blood flow apply to
a simple model that is very far from reality: flow is nonpulsatile and lami-
nar, vessels are cylindrical tubes with rigid walls and blood is a Newtonian
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wall shear stress is very low and this is thought to promote myointimal hyperplasia.



fluid. Nevertheless, the equations are extremely useful in understanding
flow and how it is altered by pathological or post surgical states.

z Bernoulli’s Law

Bernoulli described the interaction of pressure, potential energy and ki-
netic energy in the physics of flow in tubes. Beginning with the equation
for total hydraulic energy (E) which represents the sum of all forces con-
tributing to the movement of blood-like fluid

E � P � �gh � 1
2
�v2

where P is the intravascular pressure, � is blood density, g is gravity accel-
eration, h is distance from the heart and v is blood velocity, Bernoulli de-
monstrates the conservation of energy in flowing ideal Newtonian fluid
moving along a streamline in a frictionless system [2]. Bernoulli’s law
states that when fluid flows without acceleration or deceleration (steadily)
from one point to another, its total energy content along any given stream-
line remains constant, provided there are no frictional losses, so that if the
velocity should decrease downstream, total energy can be conserved by in-
creasing the pressure. This is true in the human body where blood velocity
gradually decreases with the increase of vascular cross-sectional area reach-
ing the minimal velocity at the capillary bed. The loss of velocity is con-
verted into intravascular pressure.

It is well known that vascular endothelial cells and smooth muscle cells
adapt their biological activity as a function of the force exerted by the flow
on the vessel wall: this force is defined as fluid shear stress. From the pres-
sure, diameter, length and flow data, it is possible to calculate a number of
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of the coronary cross sectional
area due to the proliferation of
smooth muscles cells.



biomechanical and hemodynamics indexes to define the fluid shear stress
and the wall strain. Mean fluid shear stress can be calculate with the fol-
lowing expression assuming that the velocity profile is parabolic:

� � ����
2

� ��Q�t�
�R3

where �= wall shear stress (dynes/cm2), �= coefficient of viscosity (dynes –
s/cm2), �Q�t�= flow rate (ml/sec), R = radius (cm) and �= Womersley param-
eter [3].

The equation for the Womersley parameter is:

� � R

����������
2��f
�

�

where f = frequency (Hz), and �= the density (gm/ml) [4].
Reynolds numbers are used to give a quantitative analysis of potential

turbulences within the flow system. With few exceptions, it is possible to
affirm that low Reynolds numbers are associated with flow stagnation, flow
separation and recirculation, or simply non-physiologic flow. Equations for
mean and modulation Reynolds numbers are:

Rem � �VD
�

where Rem = mean Reynolds numbers, �= the density (gm/ml), �= coeffi-
cient of viscosity and D = diameter (cm) [4]

Remw � Re max�Re min
2

where Re max is the maximum Reynolds number and Re min is the mini-
mum Reynolds number [4].

Clear evidence exists for a relationship between low flow velocity, low
shear stress, low Reynolds numbers and smooth muscle cell proliferation
at the anastomotic site. Intimal hyperplasia in experimental vein grafts can
be generated by long-term decreased flow.

Normal arteries with a � of 10 to 70 dyne/cm2 remodel in response to
high shear by dilatation and thinning [5], whereas chronically low shear
stress leads to intimal thickening and contraction [6, 7]. Very low levels of
shear stress (�< 2 dyne/cm2) lead to a variety of pathologic endothelial cel-
lular events including hyperpolarization, adhesion molecule expression, in-
tracellular calcium release, down regulation of prostaglandin I2 and nitric
oxide synthase, and platelet derived grow factor production [8–10].

Low shear stress enhances the hyperplastic response to vessel injury
after balloon angioplasty [11]. Areas of low shear and flow separation in-
duce mass transfer and atherosclerosis [12] and the shear stress hypothesis
remains one of the prevailing theories of atherogenesis [13, 14].
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In a dog model Berguer has demonstrated that reductions in blood flow
of 50% to 80% have generally led to a doubling of myointimal hyperplasia
[15]. Dobrin has demonstrated in several studies that smooth muscles cells
of vein graft increase their mitotic activity and migrate into the vessel lu-
men through the lamina basalis when the vessel wall is exposed to low
shear stress [16, 17]. In an elegant study, Meyerson describes the effects of
extremely low shear stress on neointimal thickening in the failing venous
bypass graft [18]. If the shear stress is lower than 2 dyne/cm2 the rate of
smooth muscles cell proliferation increases with a non linear correlation
causing the rapid progression of neointimal lesions that lead to bypass
graft occlusion.

2.2 Mechanical properties of artery wall

Arteries change structurally and mechanically during development, ma-
turation and aging. The extensive literature in this area may be summa-
rized as follows: during fetal and neonatal development, artery diameter
and wall thickness increase. Histologically, the wall exhibits gradual widen-
ing of the media, less cellularity, more elastic lamellae and increasing col-
lagen content. The collagen-to-elastic ratio of arteries increases throughout
development and maturation. With age, the arterial diameter dilates and
wall thickness and collagen-to-elastine ratio increase. These changes are as-
sociated with rising arterial stiffness, as demonstrated by changes in load-
length relations of vascular strips and rings, increased pulse-wave velocity
and increased vascular impedance.

In vivo arterial motion occurs mostly in the circumferential and radial
direction; much smaller changes occur in the longitudinal direction.

z Circumferential properties

Extrathoracic systemic arteries change 8–10% in diameter with each cardi-
ac cycle, whereas the diameter of the intrathoracic arteries changes 8–18%
with each cardiac cycle [19]. The distensibility of intrathoracic vessels cor-
relates with the relatively high content of elastin in their wall. As suggested
by Dobrin, the elastin may determine vessel properties at small diameters
and collagen may determine vessel properties at larger diameters. The dis-
tensibility characteristics of arteries depend on the extent to which they
are stretched which in turn depend on transmural pressure. At low pres-
sures and small diameters the arteries are very distensible, whereas with
increasing pressure and diameter they become gradually stiffer. Although
there is no sharp inflection point in a volume-pressure and pressure-diam-
eter relationship, the transition from compliant to stiff behaviour occurs
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between 80 and 120 mmHg in large arteries [20]. These values tend to de-
crease with age, so that arteries of aged patients are functionally stiffer at
physiological pressures. Also arteries are generally stiffer toward the pe-
riphery of the circulation because of the increase in collagen-to-elastin ra-
tio in the distal arterial tree and stiffness may be especially high at bifurca-
tions [21].

The elastic properties of arteries may be numerically expressed by com-
puting strain-stress relations and incremental elastic moduli. Strain (�) in
the circumferential direction is:

� � �d � d0�
d0

� �d
d0

where d is the observed diameter and d0 is the retracted or totally un-
loaded vessel. � expresses the change in d as a fraction of some predeter-
mined reference dimension.

The mean circumferential stress �� is:

�� � Pt � ri

h
where ri is the internal radius, Pt transmural pressure and h wall thickness.

Circumferential stress is comparable to the wall tension given by the law
of Laplace but accounts for the finite wall thickness of arteries.

For materials having linear strain-stress relations, the ratio of stress to
strain can be used to compute the Young’s elastic modulus, a measure of
material stiffness. For a cylindrical vessel with wall stiffness that is equal
in all directions, the elastic modulus (E) may be computed by:

E � ��	

��	

where ��� and ��� are small changes in stress and strain respectively.
The mean circumferential stress �� is not distributed uniformly across

the wall. Several investigators have shown that the point stress is high at
the lumen and declines curvilinearly across the wall thickness [22]. This
distribution closely resembles the density of the elastic lamellae at different
points across the wall; elastic lamellae are close together near the lumen
and more widely spaced near the adventitia. This suggests that an adaptive
relationship may exist between morphology and mechanical load at differ-
ent locations across the wall.

z Longitudinal properties

Several studies have reported arterial length changes during the cardiac cy-
cle, however no clear relationship with pulse pressure were provided. Law-
ton [23] reported a 1% increase in length of the thoracic aorta and a 1%
decrease in length of the abdominal aorta during cardiac cycles without
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identifying any relationship with pulse pressure. Patel reported [24] that
the ascending aorta and the pulmonary arteries could modify their length
up to 11% but this axial movement resulted from gross motion of the
heart. In vivo, there are at least two structures that provide arterial fixation
to the surrounding structures: perivascular connective tissues and arterial
side branches. The fixation of arterial side branches and the presence of
periadventitial connective tissues cause tethering. Patel and Fry [25] sug-
gest that perivascular traction is distributed over the length of the arterial
tree. It is minimal at the aortic root and increases with the distance from
the aortic valve.

Moreover, arteries are extended in the longitudinal direction. It is re-
flected by the observation that excising arteries causes them to retract. Do-
brin reports that the interaction between pressure and traction stresses
keeps the length of artery nearly constant [26]. All these statements are
based on experimental data obtained with electromechanical gauges ap-
plied to exposed vessels or with roentgenographic and ultrasonic methods
[16, 17, 19].

Using high-resolution investigation tools, we recently demonstrated [26]
that the axial deformation of a 1 cm-long segment of pig common carotid
artery (CCA) is consequential although twice as small as the diameter
changes observed during the cardiac cycle. Moreover, during systole the
vessel shortens and dilates. We suggest qualifying this arterial motion as
axial systolic shortening.

Longitudinal displacement of piezoelectric crystals placed 9–15 mm
apart (Fig. 3) is comprised between 0.11 mm and 0.65 mm. Because the
distance between the two piezoelectric crystals could not be kept constant
due to technical constraints, the results are expressed as relative changes of
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the distance between the crystals: the displacement varies from 1.14% to
5.8%. The behaviour of the vessel did not change significantly during the
whole experiment. To exclude interference of pulse waves and blood mass
(viscosity and hematocrit) on the ultrasonic waves during measurements,
we switched the receiver/transmitter functions of the piezoelectric crystals
in all feasible combinations. The results obtained under these conditions
did not reveal any significant difference in �L. Therefore, blood mass and
pulse wave reflections can be considered to have no significant influence
on the measurements of this segment of CCA.

Our conclusions hold true provided that the examined arterial segment
is straight. Indeed, if the vessel shows a significant curvature, then the con-
vex part would slide over the concave part of the vessel wall. We tested this
possibility by measuring axial length at 3 different sites of the vessel cir-
cumference and comparing their axial deformation. No difference was ob-
served between the sites implying that the examined vessel segment is
strait.

Axial movement is inversely correlated to pulse pressure. This inverse
correlation is shown in Figure 4 were regression analysis of the distance
between crystals versus blood pressure is plotted. Increasing blood pressure
causes vessel length reduction with a highly significant correlation (R =
0.97; p < 0.001). This was a characteristic feature observed in all animals in
the study; correlation coefficient (R) was always greater than 0.92. The
slope in the diastolic pressure range is lower than the mean systolo-diasto-
lic slope which most likely results from the hysteresis due to viscoelastic
properties of the material in the axial direction. The same has been ob-
served in the cross-sectional direction [19, 27].
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Fig. 4. Correlation between piezoelectric crystal distances and arterial blood pressure in 10 pigs.
Blood pressure increase correlates with vessel shortening (R=0.97).



Whether integrity of the endothelial function plays a role in the behav-
iour of the axial wall motion and more specifically on the importance of
this hysteresis remains to be determined. It is well known that the carotid
artery diameter is directly correlated to blood pressure and this was also
confirmed in our study. Figure 5 shows the relationship between carotid
diameter and arterial pressure: R = 0.96; p < 0.001.

In general it is assumed that axial strain can be neglected compared to
the circumferential strain. Our findings confirm that the axial strain is in-
deed lower than the radial strain. On the average an axial length modifica-
tion of 2.7% was found for a diameter variation of 4.8%. It is also well
known that the mechanical properties of the artery are anisotropic
although, for deformations that occur in vivo, the elasticity of arteries can
be considered isotropic [28]. However, canine carotid and femoral arteries
are stiffer in the circumferential than in the longitudinal direction, whereas
the reverse is true for canine and bovine aorta. This may be due to the dif-
ferences in wall architecture and in load bearing of the wall constituents in
each direction. Thus arteries in vivo undergo unequal deformations in each
direction, and this differentially stretches and stiffens all constituents.

The systolic arterial shortening represents the capacity of the vessel wall to
passively adapt to axial stress (�Z) and it should clearly be differentiated from
an active contraction. These findings contrast with the description of the ar-
terial wall movement observed by Levy et al. [29]. In an elegant experimental
study performed in vitro on rat common carotid arteries, the authors report
an increase in carotid length in response to pressure. This axial length in-
crease was more important in normotensive than in spontaneously hyperten-
sive rats. However, the measurements were determined by video microscopy
and computer-assisted image analysis. Therefore, due to the major differences
in experimental conditions, the results cannot be appropriately compared.

The role of the axial movement in the determination of volumetric com-
pliance measurement is not clear. Arterial compliance (C) is expressed as
the ratio between vessel volume variation (�V) during cardiac cycle and
pulse pressure (�P)
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C � �V
�P

In clinical practice, a high-resolution echo-tracking system allows to pre-
cisely measure local cross-sectional compliance considering only vessel di-
ameter variations. Instead of measuring volumetric changes (�m3) only
cross-sectional area (�m2) is measured. Cross-sectional compliance is thus
defined as the ratio between variations in arterial cross-sectional area (�A)
and blood pressure (�P)

CC � �A
�P

CC is expressed in �m2/mmHg or m2/kPa [30].
According to our data, it would not appear appropriate to neglect the axial

movement in the computation of segmental arterial compliance because it
overestimates the volumetric elastic properties of the vessel. If similar axial
movement occurs in the human carotid artery, then reappraisal of local arte-
rial compliance measurements would appear necessary. Volumetric compli-
ance assessment based on a method taking into account the postulate of mass
continuity may represent an interesting option. In an animal model, we mea-
sured the ratio of blood flow gradient through an arterial segment and the
derivative of blood pressure over a given time. According to the principle
of continuity of mass, arterial compliance can be expressed as:

Cd �
�Qin � �Qout

�P��t

where Qin is the instantaneous blood inflow in a given arterial conduit; Qout is
the blood outflow in the same conduit at the same time; the difference be-
tween Qin and Qout represents the energy converted in the vessel wall defor-
mation during blood displacement and is identified as phase shift (
). Cd is
what we have called the vessel wall dynamic compliance; �P��t is the deri-
vative of pressure in a considered interval of time. To calculate carotid max-
imal dynamic compliance, we considered the maximal phase shift between
inflow and outflow and calculated the correspondent �P��t.

Even with many limitations, this method has the prerogative to quantify
the impact of axial strain in compliance calculation. Our results correlate
with those reported in current literature from the qualitative point of view:
as blood pressure increases instantaneous 
 decreases (Fig. 6) and, there-
fore, Cd decreases [28]. The impact of axial strain in compliance calcula-
tion could be expressed by the fact that that Cd is smaller than CC because
in the equation

�V
�P

� �L � CC� � A � �L
�P

the A � �L
�P

� 0
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since vessel shortens when pressure increases. Thus,

�V
�P

� �L � CC�
which means that arterial compliance is smaller than cross-sectional com-
pliance. It can be speculated that for the same pulse pressure, the increase
in vessel diameter is associated to the decrease in vessel length and vice-
versa. There is probably a correlation between the degree of diameter
change versus the degree of shortening, i.e.: the greater the diameter in-
creases the greater the axis shortens. Therefore, vessel volume variations
(�V) during cardiac cycle seem to be smaller than previously thought.

However, for practical purpose cross-sectional distensibility of the vessel
provides valuable information on the elasticity of the vessel wall and when
the distensibility is related to wall thickness the elastic modulus of wall
material can be assessed.
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z Introduction

The majority of mathematical models of vascular anastomoses assume that
blood flow is laminar, the blood is an incompressible non-Newtonian fluid
and conduits, arteries and graft as well, have rigid walls that don’t react to
blood pressure.

If we are looking for a more realistic model, we have to consider that
the flow inside an artery is the result of the interaction between a fluid,
the blood, and an elastic conduit, the vessel, each governed by a distinct
set of partial differential equations. With this approach, we are able to
compute pressure and velocities of the fluid, as well as displacement of the
structure at any point of the computational domain. The principal quanti-
ties that describe blood flow are the velocity V and the pressure P. Know-
ing these fields, we can calculate the stress to which an arterial wall is sub-
ject due to the blood movement. The displacement of the vessel wall due to
the action of the flow field is another quantity of relevance. Moreover,
pressure, velocity and vessel wall displacement will be function of time
and of spatial position, since blood flow is pulsatile. This means that we
cannot neglect the time considering a “steady state” solution and, even if
with some approximation, we can consider the blood flow to be periodical
in time. Unsteady flow is much more complex to define than a steady one.
For instance, if we consider the steady flow of a fluid like water inside an
infinitely long cylindrical tube, it is possible to derive the analytical steady
state solution (Poiseuille flow), characterised by a parabolic velocity profile;
the same flow, in a transient regime (Womersley flow) becomes completely
different. Figure 1 clearly expresses the difference between the very theoret-
ical and the more realistic and complex mathematical model. However,
from the clinical point of view simple geometrical models are still of great
importance because they point out the main features of the blood flow and
can be easily understood.

There is a general consensus on the fact that local flow dynamics and
wall mechanical conditions can induce the development of intimal hyper-
plasia in vascular graft anastomoses with subsequent graft failure. Beside
the thrombogenicity of the surface of synthetic vascular grafts, turbulent
flow fields and intramural stress distributions promote intimal thickening

Mathematic modelling
of vascular anastomoses

3



finally leading to complete luminal occlusion as demonstrated by several
experimental and numerical studies [1–5].

Attention is also paid to the migration of stagnation points and second-
ary motions that are also considered to have an important influence on the
disease process. Intimal thickening in end-to-side anastomoses occurs
mainly on the artery floor opposite to the connection, along the suture line
and especially at the heel and toe of the junction. Experimental studies [6–
9] and numerical studies [10–15] underline the correlation between local
anastomotic flow characteristics and intimal hyperplasia. Local flow char-
acteristics and wall-shear stress distribution are strongly influenced by the
geometrical configuration of the blood vessel. This relationship shows the
importance of anatomically correct geometric modelling even if we still
don’t handle phenomena like the non-planarity of curvature and branching
in the arterial systems [16].

In the last ten years, the mechanical properties of the graft and the ar-
tery-graft connection have become a field of investigation with respect to
the development of intimal hyperplasia, particularly at the suture line.
From clinical and in vivo observations, it is known that the mismatch in
artery-graft compliance can lead to graft failure [17, 18]. It is assumed that
the occurrence of intimal hyperplasia around the suture line is caused by
the tissue remodelling as a response to mechanical injury due to the ar-
tery-graft compliance mismatch [18, 19]. With the analysis of intramural
stress distribution, one can gain a deeper insight into the disease develop-
ment. In the following we report an example of a numerical study pub-
lished in 2002 by Leuprecht and co-workers, that reproduces pulsatile flow
patterns and vessel wall mechanics in distal end-to-side anastomoses of by-
pass grafts using expanded polytetrafluoroethylene (e-PTFE) prosthes and
investigates the influence of distensible vessel walls on the anastomotic flow
field and the occurring stresses [20].
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a b

Fig. 1. Difference between theoretical and more realistic blood flow. Profiles of the same flow
velocity in a steady state flow (a) (Poiseuille) and in an unsteady pulsatile flow (b) (Womerse-
ley) at a given instant.



3.1 Realistic mathematical model

z Geometric model

The computational geometric model generates a grid that reproduces the
luminal cast of a standard end-to-side anastomosis and is based on local
optimization of geometric grid properties such as smoothness and ortho-
gonality (Fig. 2).

The flow domain partition applies isoparametric brick elements with
eight corners. Each inner grid point represents a common corner point of
eight neighboring brick elements (master cell). A local grid function at an
inner point P is defined as

F � asfs � a0f0 � abfb

where the length between P and its six neighbour points is controlled by
fs, f0 denotes the angle function regulating the orthogonal of the brick
edges and fb governs the orthogonal of the grid near the boundary. Select-
ing appropriate values for the control parameters as, a0 and ab the grid
generation procedure is started with fixed grid points on the surface and
arbitrarily distributed points in the domain. The position of each grid
point P is determined by locally minimizing F with respect to P’s co-ordi-
nates resulting in a set of equations for the location of P. Iterating upon
the minimization of F finally leads to a proper finite element mesh [14,
15].

z Flow model

Newton’s law describes the basic physical principles of conservation of
mass and momentum and provides the basis for the creation of the three-
dimensional, time-dependent Navier-Stokes equations for incompressible
fluids. They are valid on any fixed spatial domain at a given time (Fig. 3).
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Fig. 2. Computational geo-
metric model of standard end-
to-side anastomosis: it repre-
sents the luminal cast of the
anastomosis.



The influence of the time-dependent flow domain in distensible models
is taken into account by applying an Arbitrary Lagrangian–Eulerian (ALE)
kinematical description [21], resulting in a correction of the convective ve-
locity for compliant models with moving boundaries. Under the summa-
tion convention, the equations of blood flow without body forces are:

�
�ui

�t
�	u � �ui

�xj

� �
� �

�xj
�ij

where ui, i = 1, 2, 3, are the components of the velocity vector, �u, �uj, j = 1, 2,
3, denote the components of the domain velocity, i, j = 1, 2, 3, the com-
ponents of the Cauchy stress tensor ��� and � is the constant for fluid
density.

The vessel wall movement that is calculated iteratively at each time step
expressing the fluid-structure interaction determines the mesh velocity at
an inner point of the flow domain.

The symmetric stress tensor for the Newtonian fluid is expressed by the
constitutive equation

�ij � �p�ij � 2�eij

where p is the fluid pressure, � the Kronecker delta, � denotes the apparent
fluid viscosity and eij is the component of the rate-of-strain tensor. With
regard to the incompressible mass conservation, the extra-stresses can be
conveniently inserted into the equation of motion leading to a closed form
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Fig. 3. Computation flow dy-
namic in end-to-side anasto-
mosis based on three-dimen-
sional, time-dependent Navier-
Stokes equations for incom-
pressible fluids. They are valid
on any fixed spatial domain at
a given time. Different flow
velocity configurations can be
analysed (high flow top image,
low flow bottom image).



of the Navier-Stokes system. Introducing the reference length L0, the refer-
ence velocity U0 and the kinematic viscosity v =��� the equations can be
written in non-dimensional form

�u
�t

� 1
Re

�

�x
�u
�x

� �p
�x

� 0

where Re = U0L0/v is the Reynolds number.

Appropriate boundary conditions must be applied for velocity and pres-
sure. The limit of the flow domain consists of two sections with different
types of boundary conditions. Physiologically correct inflow velocity pro-
files are not available, and thus, fully developed profiles (Womersley pro-
files) are imposed at the inflow boundary.

At the outflow boundary, the condition describing the surface traction
force can be assumed

�p� � �
�ui

�xj
� �uj

�xi

� �� �
nj � hi�t�

where nj, j = 1, 2, 3, denote the components of the outward pointing normal
unit vector at the outflow boundary. In rigid wall calculations traction-free
outflow is assumed. In calculations with moving walls the pressure at the
outflow prescribes the normal force �n =�p�t� and the tangential force is
�t = 0.

z Wall model

We can assume the vessel wall being a three-dimensional continuous medi-
um for which one dimension, the thickness, is relatively small with respect
to the two others. Therefore, with a reasonable approximation, the thick-
ness can be neglected and the vessel wall is represented as a two-dimen-
sional model with two independent curvilinear coordinates approximating
the three dimensional structure in the Euclidean space. The mechanical be-
haviour of the wall is governed by two-dimensional equations that are de-
fined with respect to the middle surface of the structure that serves as a
reference surface [22]. The main problem consists in determining the de-
formation of the reference surface under the physical properties of the ves-
sel wall, the distribution of applied forces and appropriate boundary condi-
tions. Strains and stresses in the wall can then be calculated from the de-
formation. The description of the wall mechanics applies a functional
approach. The function represents the total potential energy consisting of
the loading part (applied pressure force) and the deformation part (strain
energy). The strain energy in the variational formulation is expressed by a
reference surface integral, where the integrand is formed by a quadratic ex-
pression of the strain tensor components defining the extensional energy
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per unit area, and the tensor of curvature change of the reference surface
expressing the bending energy per unit area. The numerical solution ap-
plies the principle of minimum potential energy with respect to the chosen
finite element subspace. Due to the relatively large displacements in the
anastomotic region, the analysis uses geometric non-linear theory.

Elastic behaviour is assumed for the different wall materials (native ar-
tery and e-PTFE graft). The corresponding elastic moduli have been deter-
mined from experimental deformation results [17]. The validity of the sim-
plified linearly elastic relation has been proven in various computations
carried out in pressure loaded cylindrical vessel models with different me-
chanical characteristics (linearly elastic, hyperelastic and viscoelastic). Nu-
merical experiments showed minor quantitative influence on the vessel wall
displacements compared with the elastic results [23].

z Numerical approach

The numerical solution of the time-dependent three-dimensional Navier-
Stokes system describing the incompressible Newtonian fluid flow applies a
developed velocity-pressure correction method [23]. It is based on the de-
composition of a sufficiently regular vector field into a divergence-free and
a rotation-free field. This technique offers an efficient method for the solu-
tion of three-dimensional flow problems by decoupling the occurring vari-
ables.

The calculation of the wall displacements and the intramural stresses
(principal stresses) can be done using any commercial finite element pro-
gram package like ABAQUS. The wall model applies a four-node doubly
curved, shear flexible shell element with reduced integration and hourglass
control and five degrees of freedom: three displacement components and
two in-surface rotation components.

The fluid-structure interaction is expressed by an iterative coupling of
the fluid motion and the vessel wall deformation at a time level. The algo-
rithm’s basic steps are:
z Calculate the wall position and the wall velocity from the total wall pres-

sure and the vessel wall mass forces with the ABAQUS package.
z Update the vessel geometry and the finite element mesh and interpolate

the velocity and the pressure at the displaced nodes.
z Update the convective velocity in the equations of motion taking into

account the mesh velocity determined by the wall velocity.
z Calculate the kinematic quantities by the algorithm described above.

The stop criterion of the iterative procedure at a time level is based on the
difference in successive velocities in the iteration scheme:
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where the un�1�m
i , i = 1, 2, 3, are the three components of the velocity vector

�u at a velocity node of the finite element mesh at the time level n + 1 and
iteration step m. When it is satisfied for all velocity nodes the iteration
process is stopped. The largest errors occur in the region near the suture
line. In the remaining flow domain the errors are significantly smaller.

z Modelling

Applying mean inflow velocity U0 = 0.42 m/s, the apparent viscosity
�= 3.9�10–3 Pas, the constant density p = 1044 kg/m3 and the reference
length L0 = 3.95�10–3 m results in the Reynolds number R = 380. The Wo-
mersley number is = 3.13.

In Figure 4 characteristic axial flow profiles during systolic deceleration
(t/tp = 0.42) are demonstrated for the conventional type anastomosis. Ex-
tremely skewed profiles towards the outer (far) wall occur in the anastomo-
tic region and downstream forming a jet flow. Zones of recirculation are
found on the artery floor opposite the junction.

Axial and circumferential wall shear stress are demonstrated in Figure 5 at
two chosen points on the hood and on the floor of cross-section B indicated
in Figure 4 during the cardiac cycle. The comparison between the distensible
wall models (bold line) and their referential rigid wall configurations corre-
sponding to the diastolic geometry (thin line) do not show qualitative differ-
ences. The wall shear stress on the artery floor is very low and oscillating.
The axial wall shear stress on the hood follows the pulse waveform. Circum-
ferential wall shear stress is 1/10 of the axial stress magnitude.

On the basis of the finite element meshes for the fluid flow simulations,
shell meshes of the vessel walls can be generated for the wall mechanical
studies (Fig. 6).

In the analysis the materials of the synthetic graft and the artery are
assumed to be elastic with Young’s moduli of Eg = 7.5�106 N/m2, Ea =
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Fig. 4. Axial velocity profiles during systolic deceleration (t/tp=0.42) at different cross-sections
of conventional type anastomosis.



4.1�105 N/m2 and Ev = 8.2�105 N/m2, respectively, and nearly incompressi-
ble expressed by the Poisson ratio = 0.49. The thickness of the graft wall is
about 10% of its diameter (h = 3.5�10–4 m), the artery has a thickness of
h = 5�10–4 m. The parameters listed were determined from experimental
data [3]. In the calculation of the vessel wall deformation, the applied pres-
sure load corresponds to the pressure pulse waveform relative to the dia-
stolic reference pressure. The geometry is fixed in axial direction at graft
inflow and both ends of native artery to prevent rigid body motion.

The maximum principal stresses at the inner wall surface calculated at
the pressure P = 1.2�104 N/m2 (90 mmHg) is concentrated along the suture
line. Steep stress gradients can be observed in the artery-graft junction.
The smallest stresses occur in the artery due to its small bulk modulus
and large deformation.

The results of the flow studies with distensible vessel walls show a rather
small influence on the flow field compared to the rigid wall models. Velo-
city patterns and magnitude and distribution of wall shear stress do not
change considerably despite rather large sidewall deformations in the anas-
tomotic region. Low wall shear stress is found on the artery floor opposite
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Fig. 5. Conventional type anastomosis: axial (sol-
id line) and circumferential (dashed line) wall
shear stress during cardiac cycle; (a) hood and
(b) floor point of cross-section B (as indicated in
Fig. 4); distensible model (bold lines) and rigid
model (thin lines).

Fig. 6. Geometric wall model:
finite element mesh of the
anastomotic wall region: con-
ventional type anastomosis.



the anastomotic junction during the entire pulse cycle. This phenomenon
has been identified to promote intimal thickening while high shear stress
tends to prevent it [24]. The migration of the stagnation point is also con-
sidered to have a role in the disease progress [25].

Intimal hyperplasia does not only occur on the artery floor in the anas-
tomotic region but also along the suture lines of the junctions. The vessel
wall mechanics and the compliance mismatch of the materials seem to play
the major role in the development and progress of intimal thickening in
this region [1, 3, 4, 19, 26]. Although the correlation between intimal su-
ture line hyperplasia and tissue injury caused by intramural stress is still
not fully understood, it has been found that more compliant grafts result
in a reduction of the intimal thickening around the suture line in end-to-
side anastomoses.

Of course the hyperplasia at such junctions may not only be affected by
mechanical factors, but also by biochemical influences and material inter-
actions [4, 27].

3.2 Simplified mathematical model

It is well known that the geometry of end-to-side anastomoses has a deter-
minant influence on their patency rates. Geometry induces stresses and
strains that promote myointimal hyperplasia, thus causing stenosis. In ad-
dition to that, experimental tests have been performed that help confirm
the strong relationship between disturbed flow and site of myointimal hy-
perplasia.

One of the most famous surgical techniques known to provide better
long term patency rate is the Miller-cuff technique [28, 29]. This procedure
consists in positioning an autologus vein as a cuff in between prosthesis
and artery. Using a computational fluid dynamics model we examine the
consequences of different geometries systematically constructed from a sin-
gle and controllable parameter, the length of arteriotomy relative to the
vessel diameter, trying to evaluate the hemodynamic characteristics of the
Miller-cuff anastomosis that are probably the major determinants of its ex-
cellent clinical results.

Conventionally, an arteriotomy of 150% of the vascular diameter is
recommended. The factor on which the geometry is based, is the length of
the arteriotomy as n times the vessel diameter. As an example, we can
generated three different anastomotic geometries for the following values
n = 1.5, 3, and 4.5, giving different shapes and sizes to each anastomosis.
The diameter ratio between the vessel and the prosthesis is set to 1, and
the diameter is set to 6 mm. The angle between the two conduits is set to 45�.

The fluid is Newtonian, incompressible, with a dynamic viscosity of
2�10–3 kg/ms. Its density is set at 1060 kg/m3. The flow is considered as
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steady with a velocity of 0.05 m/s. Other conditions are: a constant pressure
of 76 mmHg and a constant temperature of 37 �C. The vessel and the pros-
thesis are considered to be rigid walls. The proximal part of the grafted ar-
tery is occluded.

In the described condition, we calculate the strain and the velocity fields
in the fluid. However, three conditions have to be fulfilled by results before
being considered:
z They have to be systematic which means they have to appear in each

simulation.
z They have to be comparable from one simulation to the other
z They have to correspond to our knowledge of myointimal hyperplasia

sites.

z Strains

First, we consider the area at the bottom of the anastomosis where the
stresses are high. We measured the length of that area. We want it to be as
short as possible to minimize its absolute length. Then, we consider the
length of the strain gradient at the bottom of the anastomosis. High gradi-
ents also being related to myointimal hyperplasia, we want that region to
be as long as possible. Finally, we consider the heel of the anastomosis
where strains have an extent in the direction of the flow. We characterize
them by measuring the vertical limit above (positive values) or below (neg-
ative values) the top of the anastomosis. We are not interested in the values
of the strains, but in the extent of the regions that can be considered as
harmful to the hemodynamics (Fig. 7). Our motivation in considering ab-
solute distances is due to the fact that these regions do not have less effect
if the diameter of the vessel is different. We just want the least strain and
gradient as possible.
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Fig. 7. Two dimension model
of end-to-side conventional
anastomosis. In the analysis
we take into account the ex-
tent of the areas in which the
strain is higher.



z Velocity fields

We observe that recirculation occurs at the bottom of the anastomosis. It
influences the flow at the heel as well as at the bottom of the anastomosis.
The less the disturbance intrudes the main stream region, the less it influ-
ences the flow. We define the extent of the disturbance by considering the
points where the velocity changes direction, relative to main flow. These
points are shown in Figure 8. Poor hemodynamics at the heel of the ana-
stomosis is believed to cause myointimal hyperplasia. We measured the
distance of the border point to the heel and consider its value relative to
the length of the arteriotomy, to minimize the relative value.

We then consider the disturbances at the bottom by measuring their dis-
tances to the centre of the arteriotomy which corresponds to the middle
axis of the prosthesis. As long as the disturbance is on the proximal side of
the middle, it has a negative value. Therefore we want to minimize it. Our
motivation in considering relative values in this case is the following: we
are interested in mainteining the main stream untouched. The main stream
is centered around a curve that joins the middle axes of the prosthesis and
the vessel, and that passes a little distal to the middle of the opening, at
the top plane of the anastomosis. The middle point of the aperture being
at different distances to the heel, we cannot consider the absolute distances,
but have to consider them relative to this middle point, or to the heel.
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Fig. 8. Two dimensions simu-
lation of 3 different types of
end to side conventional ana-
stomosis where the arterio-
tomy is n times vessel diame-
ter. Results in Table 1.



The results of the three analyses performed are summarised in Table 1.
Giving the same weight to each one of these analyses does the general

rating. We see that the best geometry appears to be the case of n = 4.5
which represents an important luminal enlargement. The worst case is n =
1.5. It is quite intuitive, because the cuff looks more like a bulb than a
smooth transition from graft to vessel. This confirms previously obtained
results, where cuffed anastomoses give better results than simple vessel-to-
vessel junctions did.

The mathematical models presented here demonstrate the considerable
influence of asymmetries and local geometric irregularities on flow pattern,
especially secondary spiral flow effects, so that differences in hyperplasia
between individuals may be partially explainable by mechanical factors.
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z Introduction

The hope of any surgeon performing vascular anastomosis is that the vas-
cular reconstruction he is performing will last forever and patients will be
once and for all set free from ischemic symptoms. Unfortunately, this
rarely occurs mostly because the surgical procedure doesn’t treat the cause
of vessel occlusion, such as the atherosclerosis and the atherosclerotic pro-
cess will probably continue to progress, the anastomosis not being spared.
Based on clinical experience, cardiac surgeons know, for instance, that to
achieve 100% graft patency at 10 years they should use arterial grafts as
conduits on a 3 mm coronary artery with proximal sub-occlusion, without
distal disease, with large runoff in patients taking antiplatelet drugs and
statins and no hypercoagulability (Fig. 1). On the other hand, 100% of
graft occlusion at 10 days occurs when a large vein is anastomosed on
1 mm coronary artery with moderate proximal stenosis, with distal disease
and poor runoff, in a diabetic patient taking no drugs. However, in this
chapter, we systematically review the elements and parameters clearly af-
fecting the outcome of any vascular reconstruction in order to give a gen-
eral view of what cardiodiovascular surgeons should take into account in
order to give a realistic expectation of anastomosis patency.

Determinants
of anastomosis long term patency

4

Fig. 1. One year histology of
LIMA on LAD conventional
anastomosis in sheep model.
The transition between graft
and coronary is extremely
smooth and no sign of myoin-
timal hyperplasia is evident.



The long-term patency of any vascular reconstruction depends on the
combination of three different elements: surgical, hemodynamic and bio-
logical. The surgical element includes surgical techniques (interrupted vs
running suture), graft material (vein, artery, prosthetic graft), anastomosis
geometry (shape and dimension) and surgeon’s dexterity. The hemody-
namic element includes anastomotic inflow, runoff and flow characteristics
(turbulent flow with stagnation, separation, and recirculation), as well as
the degree of stenosis of the grafted conduit. The biological element com-
prises the diseases associated with aggressive atherosclerosis progression
(such as diabetes, hypertension, etc.), with hypercoagulability (lack of An-
tithrombine III factor, etc.) and the pharmacological treatment in case the
patient takes antiplatelet agents and or statins.

4.1 Surgical element

There are two main types of suture techniques: the continuous or running
suture and the interrupted suture. Running versus interrupted suture can
be reasonably considered one of the most frequent subjects of discussion
since vascular surgery took its first steps. To date, this is still an open issue
despite many scientific works published world-wide. The suture material
selected and the suture technique employed can influence the size and the
distensibility of the anastomotic lumen. Cross-sectional compliance in the
perianastomotic zone, wall shear stress, axial stress, and their relationship
with intimal hyperplasia are the most frequently considered parameters for
comparing the two different techniques. If we try to resume the pros and
cons of each technique we conclude that running suture is faster and some-
how easier to do but it can produce a purse-string effect that can impair
the hemodynamic performance of the anastomosis. Multiple stitch tech-
nique avoids the purse-string effect but requires more time and is often
characterised with bleeding from the suture line.

z Anastomosis compliance

Anastomosis alters vessel wall mechanical properties no matter which tech-
nique has been used to perform it [1]. Continuous or interrupted sutures
increase vessel wall rigidity on the anastomotic site and alter the circum-
ferential elastic modulus [2, 3]. We have recently carried out several experi-
mental studies to assess the cross-sectional compliance at the anastomotic
site and the movement of the anastomosed vessel’s edges with respect to
the suture technique. In a pig model, end-to-end anastomoses on both car-
otid arteries were performed using either running or interrupted polypro-
pylene 6-0 sutures. To generate detailed cross sectional arterial profiles in
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the proximity and on the anastomosis we used a high resolution echo-
tracking system (NIUS 02) (Fig. 2).

The computation of the carotid artery cross sectional compliance in the
para anastomotic area confirms the existence of the so called para-anasto-
motic hypercompliant zone (PHZ) probably due to turbulent blood flow [3,
4, 5]. Unexpectedly, we find a reduction of the anastomosis cross sectional
area during systole which means that the vessel diameter decreases when
blood pressure increases [6, 7]. The vessel cross-section reduction for a
pulse pressure going from 5 to 32 mmHg ranges from 0.9 to 2% of diasto-
lic vessel cross-section (Table 1). Therefore the arterial compliance on the
anastomosis is negative regardless of the technique used.

This anastomotic behaviour generates a dynamic stenosis whose magni-
tude seems to depend on blood pressure level. We find an inverse correla-
tion between pulse pressure and anastomosis diameter as represented by
the regression curve illustrated in Figure 3. Smooth muscular fibre inter-
ruption could contribute to determining this behaviour, because at the
anastomotic site, vessel wall acts as a free end under the influence of pulse
waves. Increasing blood pressure causes the retraction of vessel ends which
causes vessel lumen reduction.
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Fig. 2. Lateral view of pig’s
left carotid artery. Piezoelectric
crystals were sutured on artery
wall in order to evaluate axial
vessel wall displacement due
to pulse pressure. A high reso-
lution echo-tracking system
(NIUS 02) was used to gener-
ate detailed cross sectional ar-
terial profiles.

Table 1. Running Vs interrupted suture technique. Mean values of cross-sectional compliance
proximal (Cprox), distal (Cdist) and on the anastomosis (Canas) measured with echo-tracking
system. �P is mean pulse pressure.

Suture technique Cross sectional compliance (10–7 m2/KPa) �P (mmHg)

Proximal to the
anastomosis

On the
anastomosis

Distal to the
anastomosis

z Interrupted 2.11±0.2 –0.4±0.2 1.7±0.2 39±12

z Running 2.32±0.2 –1.2±0.6 2.1±0.3 42±2



These results suggest that suture does not provide the continuity of me-
chanical properties of arterial conduit, at least soon after surgical restora-
tion of vessel continuity. We don’t know if this phenomenon disappears
with the healing process of the vessel wall. In Figure 4 we resume the ves-
sel movement at the anastomotic site.

In another experimental set, using piezoelectric crystals sutured on each
side of an end-to-end carotid artery anastomosis, we detected an inversion
of longitudinal artery wall movement. In the acute phase following an end-
to-end anastomosis, an increase in blood pressure causes an increase in
vessel length with an exponential correlation. Therefore anastomosis is
constantly subjected to longitudinal traction whose magnitude depends on
pulse pressure [7].
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Fig. 3. Regression curve of vessel diameter vs pulse pressure on carotid anastomosis (continu-
ous suture with 6/0 polypropylene). Regression coefficient (R2) of 0.75 means that they are in-
versely correlated with high statistic relevance.

Fig. 4. Schematic representation of systolic movement of vessel edges at the anastomotic site
soon after end-to-end anastomosis construction with running suture technique.



To assess the effects of suture technique on end-to-side anastomosis lu-
minal dimensions and compliance, we designed an animal model in which
both internal mammary arteries are anastomosed to the carotid arteries
using either running or interrupted suture technique. Cross sectional anas-
tomotic area has been assessed suturing piezoelectric crystals at the toe,
heel and both sides of anastomoses [8] as shown in Figure 5.

Assuming that the anastomosis has an elliptical shape, the Cross Sec-
tional Anastomotic Area (CSAA) can be calculated as:

CSAA � �
mM

4

where m and M are the minor and major axes of the anastomosis. CSAA is
expressed in mm2. Cross-Sectional Anastomotic Compliance (CSAC) is the
ratio between variations in Anastomotic Cross-Sectional Area (�CSAA)
and blood pressure (�P):

CSAC � �CSAA
�P

CSAC is expressed in m2/kPa.

Using this method we calculated a CSAC for a running suture of 4.5�10–6

m2/kPa and for an interrupted suture of 11�10–6 m2/kPa, demonstrating
that suture technique has a substantial effect on CSAC of end-to-side anas-
tomoses. Interrupted suture provides a considerably higher CSAC than con-
tinuous suture and can be reasonably considered the most “physiological”
suture because it keeps the biomechanical properties of the arterial wall as
close as possible to those of the native vessel [9]. This anastomotic behav-
iour appears to result mainly from the elastic recoil of the arterial wall
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Fig. 5. End-to-side anastomosis
between left internal mam-
mary artery (LIMA) and carotid
artery. Piezoelectric crystals (in
yellow) are sutured on toe,
heel, and both sides of the
anastomosis in order to mea-
sure the anastomotic diame-
ters for computation of anasto-
mosis cross sectional compli-
ance.



constituents which are better preserved with interrupted suture [10].
Therefore, the notion that differences in hemodynamic properties of end-
to-side anastomoses performed with the two considered techniques are
negligible [3], deserves reappraisal. Furthermore, even if there are few lim-
itations such as the anastomosis has a perfect elliptical shape and that dis-
tances calculated with piezoelectric crystals correspond to the maximal and
minimal diameters of this ellipse, it seems that the systolic increase of
cross-sectional anastomotic area is definitely bigger if interrupted suture is
used and this behaviour may theoretically improve the systolic flow
through the anastomosis as hypothesised the first time in 1960 by Szilagyi
[11].

Better anastomotic compliance means less suture-line stress [12, 13], re-
duces flow disturbances and may reduce the disposition toward the devel-
opment of intimal hyperplasia or thrombosis [14, 15]. Geometrical simula-
tion demonstrates that a more compliant anastomosis is associated with a
smaller stagnation point due to flow separation (typically on heel, toe and
the hood of the graft) giving rise to low wall shear stress that is associated
with intimal hyperplasia [16]. Interrupted suture may maximise the anas-
tomotic lumen and provides a considerably higher CSAC than continuous
suture which reduces flow turbulence, shear stress and intimal hyperplasia.

z Anastomotic angle and design

Several numerical and experimental studies have extensively assessed the
influence of anastomotic angle and shape to anastomotic flow and patency.
The ideal take off angle for a side-to-end or landing angle for an end-to-
side anastomosis is between 30� and 45� (Fig. 6). It has been demonstrated
that angles over 120� are associated with an immediate reduction of the ex-
pected flow of up to 50% [17] and the 30� angle provides less flow resis-
tance than steeper angles [18]. Separated flow regions are seen along the
inner arterial wall (toe region) for angles �60� while a stagnation point ex-
ists along the outer arterial wall (floor region).

Shear stress rates along the arterial wall vary widely throughout the
anastomotic region with negative values in the separation zones and up-
stream of the stagnation points which increases in magnitude with the an-
gle. The shear stress increases with distance downstream of the stagnation
point and with magnitudes that increase with the angle [19]. The inclusion
of a patch or a cuff moves the stagnation point at the floor region distally
and reduces the strength of the recirculation region opposite the heel of
the anastomosis up to 50% [20].

Various cuff and patch designs for vessel-graft anastomoses have been
developed in an attempt to increase the patency rate of ePTFE grafts used
for lower-extremity bypass procedures. In 1984, Miller [21] reported a new
vein cuff design that produced good patency in femoral-distal grafts.
Brumby [22] found that grafts implanted with the vein cuff technique had
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significantly better patency that those for which a noncuffed anastomosis
was employed in both above-knee and below-knee popliteal bypasses.
Other studies suggested that use of Miller cuff improved patency only in
belowknee grafts [23, 24].

The patched geometry promotes earlier recovery of the flow in the distal
outflow segment than for the unpatched model. Also, the helical flow pat-
terns associated with the cuffed geometry are stronger. The net effect of
these changes are that peak wall shear stress values for the patched and
cuffed geometries are three times lower than those for the uncuffed geome-
try [16, 20]. On the other hand, the improved patency rates of cuffed end-
to-side anastomoses may be simply due to an increased ability of the cuff
to accommodate myointimal hyperplasia before causing a significant steno-
sis [22].

z Conduit characteristics

It is well known that arterial conduits for coronary revascularization have
better long term patency rates with respect to vein grafts and seem to im-
prove patient’s survival [26]. Recently, a clinical study compared the anas-
tomotic shear stress of internal mammary artery to left anterior descend-
ing artery to that of saphenous vein to right coronary artery: when an arte-
rial conduit is used the shear stress at the anastomotic site is about 4 times
greater than that associate with the vein graft (16.0 ± 4.8 dyn/cm2 Vs 4.8 ±
1.6 dyn/cm2) [27].

It is also well known that synthetic conduits, either e-PTFE or Dacron,
provide results as good as vein grafts only when the graft diameter is
6 mm or bigger. For diameters below 6 mm, results are generally very poor.
This is the reason why there are no synthetic grafts for coronary artery re-
vascularization so far and it is not recommended to use a synthetic con-
duit for vascular reconstructions below the knee.
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Fig. 6. Computational flow dy-
namics of end-to-side anasto-
mosis. The ideal anastomotic
angle seems to be between
30� and 45� as shown by the
flow velocity near vessel wall.



z Surgical dexterity

The construction of any vascular anastomosis is a highly technical de-
manding procedure and even if surgeons are trained for years before being
certified, there still is an individual variability or “personal touch” certainly
affecting results. Unfortunately, it is not simple to quantify this parameter,
and, above all there is always the risk of hurting surgeon’s feelings. Con-
duits manipulation to preserve the integrity of the intima, the precise posi-
tioning of sutures with correct intima-to-intima apposition, the regularity
of the suture line, are only a few examples of domains subject to individual
variability. The introduction of mechanical and automatic suture devices
should reduce the impact of individual dexterity on the anastomosis out-
come and standardize the surgical procedure.

4.2 Flow element

z Inflow

Many authors have demonstrated that low anastomotic inflow seems to
promote myointimal hyperplasia and thrombus formation, leading to the
occlusion of the anastomosis [28]. Clear evidence exists for a relationship
between low flow velocity (LFV), low shear stress (SS) and circumferential
stress (�), smooth muscle cell proliferation and myointimal hyperplasia
(MIH) at the anastomotic site. MIH in experimental vein graft can be gen-
erated by long term low flow. In a dog model Berguer demonstrates that
reductions in blood flow of 50% to 80% have generally led to a doubling of
intimal hyperplasia [28]. Dobrin demonstrates intimal hyperplasia in ve-
nous graft is best associated with low flow velocity which is correlated to
low blood-artery shear stress [10]. In an elegant study, Meyerson describes
the effects of extremely low shear stress on neointimal thickening in the
failing venous bypass graft [29]. If the shear stress is lower than 2 dyne/
cm2 the rate of smooth muscle cell proliferation increases with a non linear
correlation causing the rapid progression of neointimal lesions that lead to
bypass graft occlusion.

z Run off

There is a general consensus on the role of the run off in keeping the graft
open. It is assumed that each bypass has its critical run off: when the graft
flow is lower than the critical value, the bypass has very few chances of
staying open. For coronary arteries, for example, a run off allowing a distal
flow lower than 10 ml/min is associated with early graft occlusion. Poor
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runoff reduces late patency rate of coronary anastomoses and contributes to
anastomotic intimal thickening as demonstrated in a canine model [14, 15].

Poor runoff is associated with high anastomosis occlusion. In a multi-
variate analysis of factors affecting patency of femoro-popliteal bypass
grafting, Ljungman concludes that the status of distal runoff, the graft ma-
terial and the site of distal anastomosis independently and significantly in-
fluence the patency rate [14]. However, we developed a chronic animal
model of low inflow and low runoff anastomosis to demonstrate that in
specific experimental conditions those parameters are not predictors of
intimal hyperplasia and anastomotic failure [30]. In adult pigs, descending
thoracic aorta to left pulmonary artery anastomoses in a side-to-end con-
figuration have been performed (Fig. 7).

After 12 weeks an angiography and IVUS were performed and data con-
cerning aortic, left and right pulmonary artery pressure and flow were col-
lected. Anastomosis was harvested for histology (Fig. 8). Mean circumfer-
ential stress and mean wall shear stress at the anastomotic site were calcu-
lated (Table 2).
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Fig. 7. Surgical technique: left
posterior thoracothomy to ex-
pose thoracic descending aorta
(A) and left pulmonary artery
(B). Pulmonary artery was li-
gated in its proximal part and
transected; its distal part is su-
tured with 6-0 polypropylene
to descending aorta.

Fig. 8. Thoracic descending
aorta to left pulmonary artery
anastomosis at 12 weeks
(magnification 2�). No signifi-
cant myointimal hyperplasia is
noted.



All animals developed severe pulmonary hypertension limited to the left
lung, the right lung being normal. Anastomoses inflow and runoff have
been extremely low for 2 months, with a mean inflow estimated at 0.2 l/
min. When these mean pulmonary artery flows and anastomotic radii are
entered into the Poiseuille equation, the resulting wall shear stress is quite
low, seemingly to favour myointimal hyperplasia formation, therefore we
expected to find a high degree of luminal stenosis due to intimal hyperpla-
sia, but this was not the case.

Histology showed no evidence of stenosis except for a thin layer of inti-
mal proliferation on the suture line that could be considered as physiologi-
cal. We noted the thickening of the media layer which is probably asso-
ciated with the increased deformation of the artery wall in the circumferen-
tial direction [30] due to systemic artery pressure existing in the left pul-
monary artery. There is an important compliance mismatch between the
aorta and the pulmonary artery. Biomechanical elastic coefficients for the
aorta are 3 to 4 times higher than those of the pulmonary artery which
means the aorta is 3 to 4 times stiffer than the pulmonary artery. This
compliance mismatch could be compared to that between synthetic graft
(PTFE or Dacron) and native arteries [32] making the model probably
valid for prosthetic bypass.

This model did not follow some of the most accredited hypothesis on
intimal hyperplasia induction. This is probably due to the particular bio-
mechanical and biochemical properties of the pulmonary artery. Endotheli-
al cells clearly exist in a dynamic state and respond to forces associated
with mechanical stretch and strain. Many of these responses and the stim-
uli that elicit them are just beginning to be understood. Furthermore, re-
cent works [33] indicate that vascular endothelial cells represent a phenoty-
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Table 2. Side-to-end anastomosis between descending thoracic aorta and left pulmonary artery
after 12 weeks (10 pigs). LPA MT is the left pulmonary artery media thickness; Aa � is the
mean anastomotic diameter; MIH is the mean myointimal hyperplasia.

Side-to-end anastomosis

Mean wall shear stress (Tw) (L/min mm3 10–4) Circumferential stress (�) (mmHg 102)
2.79 1.73

Mean Pressure (mmHg) Histology (mm)

Ascending
Aorta

Pulmonary
artery

Left pulm.
artery

Aa � Wall
thickness

LPA MT MIH

73±8 13±2 73±8 6.4±0.3 1.5±0.02 0.2±0.02 0.08

Angiography Flow measurements (L/min)

Stenosis Inflow Runoff Ascending Aorta Right puml. art. Left pulm. art.
No Low poor 5.6±0.2 5.4±0.1 0.2±0.02



pically heterogeneous population. Thus it is possible that the responses of
endothelial cells to mechanical stresses will differ depending on their vessel
origin. It is likely that stimuli that can induce myointimal hyperplasia de-
pending on biomechanical and biochemical properties of the vessel and
these are probably not the same in all vessels. If this data is confirmed, we
should look deeper into pulmonary endothelial cell biology to eventually
find the key to minimize myointimal hyperplasia at any anastomotic site.

z Severity of stenosis of the target vessel

Graft failure has been reported when an arterial conduit is grafted to a
lower grade coronary artery stenosis. Although controversy exsists, it has
been hypothesized that competitive flow between the graft and the native
coronary artery may produce late arterial graft failure when the native cor-
onary artery has a mild stenosis [15, 34]. In this setting the arterial graft
can gradually diminish in size and graft failure may occur. It has also been
demonstrated that the arterial conduit can increase its diameter and flow
when stenosis of the native coronary artery increases. A recent clinical
study conducted on over 100 patients scheduled for coronary artery bypass
grafting [29] shows that if a native coronary artery has a stenosis of 50 to
75%, the graft flow is significantly reduced with respect to the native coro-
nary artery being suboccluded, promoting the development of the so
called string sign that corresponds, from a hemodynamic point of view,
to arterial graft occlusion. Moreover, intermediate stenosis is associate to
lower anastomotic shear stress, at least when vein graft is used for coro-
nary artery bypass.

4.3 Biological element

Diabetic patients that do not require insuline treatment show a higher inci-
dence of major adverse cardiac events (MACEs), defined as cardiac mortal-
ity, myocardial infarction, or revascularization of a previous target vessel,
after CABGs when a connector is used for the construction of the proximal
anastomosis [35]. The cause of this predisposition for early MACEs to oc-
cur primarily in connector patients with diabetes is unknown, but it bears
resemblance to results seen in this population with percutaneous coronary
interventions. Activated protein kinase C can inhibit the expression of en-
dothelial nitric oxide synthase, thus leading to impaired endothelial vasodi-
latory regulation. The protein kinase C can also increase cytokine induced
tissue factor gene expression and procoagulant activity in endothelial cells
[36], thereby increasing the production of proinflammatory cytokines and
proliferation of vascular smooth muscle cells. Diabetes is recognized to be
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an important risk factor for poor outcome after percutaneous coronary in-
terventions [37, 38]. Potential mechanisms include an upregulated inflam-
matory response that may result in chronic constrictive remodeling, an al-
lergic reaction to the metallic elements of the stent, or a device design that
may increase the amount of stent induced vascular wall injury [38, 39].
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z Introduction

Since the beginning of cardiovascular surgery, anastomoses have been per-
formed with hand-held sutures basically based on the principles of suture
technique described by Alexis Carrel in 1902 [1]. Even if in the last 100
years many other techniques have been proposed to join two vessels, the
comfort to surgeons in performing a reliable anastomosis with the suture
technique and the excellence of its long term results have led to its adop-
tion as the gold standard. Therefore we should ask ourselves if we really
need an alternative way to construct the vascular anastomosis. A key ele-
ment to perform a safe and accurate hand-sutured coronary anastomosis is
to have a bloodless operating field and an arrested heart. Surgical environ-
ment is becoming more and more challenging since off-pump CABGs and
minimally invasive approach have been introduced. Surgeons have to deal
with more and more diseased vessels since patient’s age and comorbidities
continue to increase. Automated anastomotic technologies will enable the
creation of rapid, precise and consistent anastomoses and this perfectly
match the surgeon’s needs. We are looking for alternative ways to construct
a coronary or any vascular bypass in order to reduce the technical demand,
standardise the quality of the surgical procedure, reduce the individual sur-
gical dexterity as a determinant factor for anastomosis outcome and possi-
bly, expediting the procedure and reduce costs of the surgical treatment.

This chapter reviews the basic principles of the different technologies
and methods applied to the construction of vascular anastomoses and
clearly defines the key technical elements common to almost all sutureless
devices. The comprehension of these elements will help the reader to better
analyse and evaluate each of the devices described in the next chapters.

Key issues
in sutureless vascular anastomoses

5



5.1 Criteria of sutureless device evaluation

Medical device companies propose a wide range of products that intend to
face the anastomotic quest using different technological approaches and
original, sometimes eccentric, strategies. For schematic purpose only, we
can identify:
z sutureless devices based on:

1) stainless steel
2) memory shape metal alloys
3) biological or synthetic glue combined or not with metallic scaffold
4) laser welding with or without organic solder

z suture delivery devices
z new suture materials
z anastomotic assist devices.

Any vascular reconstruction obtained without using hand sewing or hand-
tying knots could be considered a mechanical or sutureless anastomosis. If
we accept this definition, there are 83 fundamental patents concerning su-
tureless vascular anastomosis devices, updated to December 2004. Most of
them are only ideas and will probably never become reality; others are
prototypes still far from clinical use.

In order to evaluate a sutureless anastomotic device, 3 aspects need to
be taken into consideration: device-vessel wall connection, graft prepara-
tion and anastomosis biomechanical properties.

z Device-vessel wall connection

Basically, there are 3 different technical solutions providing the coupling of
the sutureless device to the vessel wall: pins, wall eversion and wall squeez-
ing and all these solutions could simultaneously be present in the same de-
vice.

z Pins. Pins pierce through the graft wall either from intima to adventitia
direction or from the opposite direction (Fig. 1).

The number of pins is generally between 5 and 12 and depend on con-
nector diameter. When pins penetrate the vessel from the inside to the out-
side the risk of generating an intimal flap or a dissection is very low be-
cause the pin itself pushes the intima against the wall and avoids the blood
penetration into the wall. On the other hand, if pins penetrate from the
outside of the vessel, they can produce intimal lesions leading to flaps or
dissections. In order to minimize the risk of these dreadful complications,
biomedical engineers have developed clever solutions to keep pins into the
wall width avoiding any lesion of the intima layer and any contact between
the device and the blood stream as well (Fig. 2).
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The pin’s traumatic action on vessel wall can be compared to that of a 5-
0 needle or smaller. Pins guarantee an excellent connection in terms of
strength because the break point depends on the vessel wall firmness: dis-
connection occurs when vessel wall is torn and this is exactly what hap-
pens with suture technique. It may be interesting to remind the reader that
the breaking strain of 2 mm diameter coronary artery in a patient over 60
years old is about 0.45 calculated as

Coronary � Strain � Circumference �stretched � relaxed�
Circumference � relaxed

It is reached when the vessel wall is stretched by a factor of 2 (1-2).
If pins are the only means connecting the device to the vessel, the device’s

blood-exposed surface can be lower than suture technique or even nil.
The first limiting factor for using pins to ensure the device-vessel wall

connection is wall stiffness. For a device made of Nickel-Titanium alloy
(Nitinol), that has memory shape properties, the calcified artery is a great
challenge because, as a general assumption, Nitinol doesn’t have enough
strength to penetrate a stiff wall and the anastomosis construction can not
succeed. Moreover, this is the main reason why connectors made of Nitinol
can not be used with synthetic graft made of e-PTFE or Dacron; these ma-
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Fig. 1. Two examples of de-
vices having pins coupling the
vessel (a=CorLink by J& J,
b=Q-CAB by SJM)

Fig. 2. The Vascular Join. The
end-to-end carotid artery ana-
stomosis has been cut follow-
ing the blood flow direction.
Pins penetrate vessel wall from
the outside and they stay into
the vessel width (arrows)
avoiding any lesion of the inti-
ma and having no blood-ex-
posed surface. This technical
solution minimizes the risk of
intimal flap or wall dissection.

a b



terials are too stiff and cannot be penetrated by memory shape alloys at
least in the current devices’ configuration. Biomedical engineers have over-
come this limitation by using stainless steel (L 300 series) which provides
much higher strength than Nitinol, but, unfortunately, doesn’t have thermal
memory shape properties.

The second limiting factor in using pins consists in the fact that, with
few exceptions, vessel edges have to be trimmed if the anastomosis aborts,
because removing the pins can easily scratch and destroy the vessel.

z Wall eversion. This solution generally requires the use of an anvil (metal-
lic or plastic) to achieve the eversion. Wall eversion is the oldest method
used for creating a vascular anastomosis (see Chapter 1) and is still used
in many of the current anastomotic devices (Fig. 3).

The eversion of the vessel assures a perfect intima-to-intima apposition
as well as the fact that no adventitia will be left in the lumen, therefore re-
ducing the risk of acute anastomosis thrombosis. Other functions of the
anvil are to create enough overlapping area for easy application of bonding
elements, to prevent movement of wall segment when bonding elements
penetrate the vessel wall and to enable the bonding elements to be fixated
by deformation. Such a type of connection probably provides the best ten-
sional force since the disconnection of the device from the vessel occurs
only if the vessel is cut. However, this method shows several potential lim-
itations. The first limitation resides in the fact that the vessel wall has to
be small and very soft in order to be turned around the anvil. Vessels hav-
ing a diameter of 5 mm or more and stiffer that normal because of athero-
sclerosis, can seldom be eligible for this procedure because the vessel wall
tends to rupture when folded. The eversion of a 2 mm sclerotic coronary
artery causes a wall strain of 0.87, exceeding the braking strain of 0.45 [1,
2] and excessive wall strain can promote early anastomosis occlusion. An-
other limitation consists in the technique used to accomplish the eversion:
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Fig. 3. The Graft Conector. The
end-to-side LIMA on LAD ana-
stomosis on adult sheep has
been cut following the direc-
tion of the blood flow. LIMA
has been everted onto the an-
vil and tied to it with the
same technique first described
by Payr in 1900.



it is necessary to use forceps to position the vessel around the anvil and
this is a potential source of intimal lesion mostly on the edge which could
lead to myointimal hyperplasia.

Even if an anvil is not used, folding the vessel’s wall together and fasten-
ing them by a mechanical device has not be proven successful enough to
be regularly performed in human beings. The main problem experienced
with wall eversion is the atrophy of the vessel walls which are folded to-
gether. The atrophy occurs because in the folded part of the wall, there is
no blood flow therefore, the energetic supply is significantly reduced. Ne-
crosis of the everted vessel has been the primary cause of failure of the
previous generation of anastomotic devices [3–6].

z Wall squeezing. The vessel wall is squeezed between the inner and the
outer device’s surface (Figs. 4 and 5). This technique is generally non-trau-
matic for the vessel wall if the two surfaces are designed in such a way as
to allow wall feeding. This also means that very little intima surface is cov-
ered by metallic parts and, theoretically, no occlusion of vasa-vasorum
should occur. Such a connection provides limited strength: there is a con-
sistent risk of accidental disconnection with catastrophic consequences. On
the other hand, redoing the anastomosis generally does not require trim-
ming the vessel edges.

A potential limiting factor is the presence of foreign material (for in-
stance metal) in the vessel lumen that could promote myointimal hyperpla-
sia. This has been exhaustively demonstrated by the experience acquired
with coronary stents (Fig. 6). Another limiting factor is wall thickness: it
has to be in a precise range, generally between 2 and 4 mm according to
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Fig. 4. The Q-CAB. Arrows show the area where the aortic wall is squeezed in between the Ni-
tinol struts.



the device design. Very thick or very thin vessel walls can compromise the
strength of the connection. This is a key point for anastomosis outcome
and it could be helpful to measure aortic wall thickness with an ultrasound
or equivalent techniques before deploying the device.

No matter which type of device-wall connection is used, all devices
guarantee the intima-to-intima apposition, in agreement with Carrel’s prin-
ciples enunciated at the beginning of the 20th century.

z Graft preparation

One issue that we should take into account to evaluate any anastomotic de-
vice is the manipulations the graft has to go through to be loaded on the
deploying system. In some devices the graft has to be mounted on a trans-
fer sheet and this could cause intimal lesions that could potentially affect
the long-term patency. Other devices require manipulation of the graft end
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Fig. 5. The Q-CAB. The end-to-
side aortic anastomosis on
adult pig has been cut in the
axial direction. Arrows indicate
the connector’ struts that
squeeze aortic wall.

Fig. 6. Example of in stent
stenosis. Cross-section image
of sheep coronary artery 6
months after the implantation
of covered stent. Lumen width
is significantly reduced due to
tremendous myointimal hyper-
plasia.



that has to be inserted into pins, everted, or crimped with forceps and, at
the end of the manipulation, this part of the graft is not trimmed or ex-
cluded from the blood circulation. Even if this has not been proven by ded-
icate experimental or clinical investigations, we can speculate that the use
of a transfer sheath and or excessive manipulation of the graft end can
eventually induce myointimal hyperplasia leading to early graft occlusion.

Some delivery systems do not tolerate the use of metallic clips for graft
side branch occlusions, therefore only sutures can be used to ensure the
hemostasis on the vein graft.

In some devices, the graft preparation first requires the construction of
the proximal anastomosis, and this could be felt as a limitation by some
cardiac surgeons.

z Anastomotic biomechanics

Elastic properties of the vessel wall are altered by vascular anastomoses
and there are several studies that underline the importance of anastomotic
compliance in the vascular reconstruction outcome as it has been dis-
cussed in Chapters 3 and 4. As a general assumption, the more the vascu-
lar anastomosis is compliant, the less the probability that it could develop
a stenosis due to myointimal hyperplasia is [7, 8]. Unfortunately, there is
no experimental study on sutureless anastomotic compliance. Baguneid
found an improvement in para-anastomotic compliance when vascular re-
construction was performed with non-penetrating clips versus polypropy-
lene running suture, but these results have not been confirmed by other
authors [7]. We could speculate that sutureless anastomosis is more com-
pliant than a running suture anastomosis since materials like Nitinol is
more elastic than polypropylene, but the device itself probably makes the
anastomosis more rigid than the one constructed with the interrupted su-
ture technique. The relative stiffness of the connector could be a potential
cause of vessel wall atrophy. Daniel reported severe vessel wall atrophy in-
side a rigid foreign body, and they postulate that this could occur each
time a rigid body encloses a dynamic dilating structure [8].

Another point concerns the anastomotic angle. In Chapters 3 and 4 we
stressed the role of the takeoff anastomotic angle in affecting anastomoses
durability. Flow velocity in the proximity of the wall is the main determi-
nant of the shear stress which is associated with intimal hyperplasia. Low
velocity means low shear stress which is considered as the first determi-
nant of myointimal hyperplasia. A take off angle between 30� and 45� is
considered ideal for end-to-side or side-to-end anastomoses. Unfortunately,
only a few anastomotic devices take into account this important issue. Al-
most all the existing connectors developed for the construction of the
proximal anastomosis in CABGs have a take off angle of 90�. Not only is
this angle not considered optimal, but it can also predispose the graft to
kink once the pericardium is closed.
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z Blood-exposed non-intimal surface

In an elegant experimental study, Scheltes introduced the concept of the
Blood Exposed Non Intimal Surface (BENIS) and its correlation to coro-
nary wall stress. This study compares the area of blood-exposed non-inti-
mal surface in sutureless anastomoses with the conventionally sutured ana-
stomosis and examines the technical feasibility of 0 blood-exposed non-in-
timal surface anastomosis configurations using finite element modelling.
The sutured anastomosis BENIS area is about 1.3 mm2 and this value is
considered as the refence value. Approximate BENIS of several connectors
varies from 4.3 mm2 to 80 mm2, depending on anastomotic orifice size,
wall thickness, and bonding components’ location and size.

Theoretically, the ideal anastomotic device should have the lowest BENIS
as possible in order to reduce the risk of myointimal hyperplasia. Authors
investigate the possibility of creating an anastomosis having BENIS = 0 and,
surprisingly, the anastomotic device providing it is associate with a 90�
coronary wall eversion only exposing intima. They hypothesized that these
deformations would induce wall stress that may exceed the threshold tear
stress of the artery, leading to tears and leakage. The mean peak porcine
coronary wall stress in 0 BENIS anastomosis configurations with greater
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Fig. 7. Geometrical model to calculate anastomosis shear stress. In order to have BENIS=0,
vessel’s edges have to be everted with 90� angle leading to dangerously high stress concentra-
tions at the toe and hill of the anastomosis (red spots).



than 90 degrees arteriotomy edge eversion, ranges from 0.4 to 0.8 N/mm2

compared with the mean porcine coronary tear stress of 0.8 N/mm2. De-
forming the coronary wall to most of the 0 blood-exposed non-intimal sur-
face anastomosis configurations leads to dangerously high stress concentra-
tions in the coronary arteriotomy corners (Fig. 7).

This theory should be revisited because, later in this book, an anastomo-
tic device that provides zero BENIS without everting vessel wall will be
presented (Vascular Join).

In Table 1 we report the BENIS of several sutureless anastomotic de-
vices.

z Welding and gluing techniques

Lasers (neodymium-YAG laser and CO2 laser) have been used to repair ar-
teries since 1979 [10–13]. The basic principle of the laser technique resides
in using thermal energy to create protein bonds. Despite the fact this is a
very simple and generally straightforward procedure, it has major draw-
back in the anastomosis strength: since the early beginning of the experi-
mental studies there was clear evidence that the joined vessel could be easi-
ly disconnected, making this technique unsafe. The introduction of albu-
min solder [11–16] has significantly improved the anastomosis strength,
but this technique still has some important limitations: thermal injury to
the vessel wall can lead to pseudoaneurysm formation and anastomotic
failure [12]. Moreover, the acute histology suggests entry of albumin into
the arterial lumen [11] and the role this has on long-term patency has not
yet been determined.

The adhesives used clinically may be categorized into two groups, fibrin
glues and cyanoacrilate glues. Fibrin glue consists of two components and
imitates the final step of blood coagulation. The first component contains,
factor XIII and plasma proteins; the second usually consists of calcium,
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Table 1. BENIS of some suturless anastomosis devices.

Device BENIS (mm2) Device BENIS (mm2)

Intima-to-initima 0 1.3

0.3 27

1.8 80



thrombin and aprotinin. Fibrin glue was first introducted in 1977 by Ma-
tras as a material for the creation of vascular anastomoses. A sutureless
end-to-side vascular anastomosis in animal models, has be created insert-
ing the angled end of femoral artery into the femoral vein, sealing the gap
between the vessels wall with fibrin glue. Long-term results were not re-
ported, but narrowing of the vessel lumen at the anastomotic site can be
expected with this technique.

The second group of surgical glues comprises the synthetic cyanoacry-
lates (methyl-, ethyl- and buthyl-cyanoacrylates). Gottlob and Blumel in
1968, used alkyl-cyanoacrylate to secure bushing that were used for experi-
mental vascular anastomosis in vessels ranging from 1.0 to 5.0 mm in di-
ameter. They reported satisfactory short-term patency rates, but already
stated in the same paper that they had changed the type of cyanoacrylate
because of hystotoxicity [30]. When biological [18] or synthetic [19, 20]
glues are used to bond vessels, sleeve elements are needed to keep vessels’
edges in the correct position during the glue injection phase in order to
guarantee the intima to intima apposition as well as the anastomotic geom-
etry. The sleeve element problem has been approached in different ways
using inflated balloons or extraluminal frames (Fig. 8), but, at the present
time, there is no solution which can simplify and speed up the procedure.

Somehow, the use of adhesive technique makes the anastomosis con-
struction more difficult and time consuming than standard running tech-
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Fig. 8. Laser welding and adhesive anastomoses.
The use of sleeve elements (i.e. balloons) is man-
datory to guarantee the correct intima-to-intima
apposition and the optimal anastomotic geometry.



nique. Moreover, pathological examination shows acute and chronic in-
flammatory reaction (foreign body giant cells occasionally seen) at the ad-
ventitial application site of the synthetic glue (octyl-cyanoacrylate) and
more intimal hyperplasia is found in the crinoline-adhesive anastomoses
than in sutured control anastomoses, even if this has been considered the
result of streamline filling of anastomotic wall recesses by neointima for-
mation. None of these techniques has been used in the human being, so
far.

z Suture material

Polypropylene dominates the market of vascular sutures mainly because it
provides excellent results, is easy to use and, above all, is not expensive.
The only potential alternative that currently exists is the Nitinol wire. The
U-ClipTM (Coalescent Surgical, Sunnydale, CA) [21] features a simple yet
elegant design that eliminates the usual suture management and knot ty-
ing. The device consists of a self-closing clip made from shape memory al-
loy which is attached to a conventional suture needle through a flexible su-
ture-like Nitinol member (Fig. 9).

The U-clip is placed via a conventional needle. Squeezing the release
mechanism immediately adjacent to the clip, with the needle-holder sepa-
rates the member and releases the clip allowing it to immediately recoil to
its preferred closed-loop configuration. The Nitinol wire, once detached
from the flexible member, functions to approximate and hold tissue to-
gether similarly to an interrupted suture. The superelastic properties of the
Nitinol wire are used to allow precise delivery and positioning of the clip
and produce strong but atraumatic tissue approximation. The anastomosis
is performed as usual interrupted suture with clips applied around the ana-
stomosis (Fig. 10).

It can be used to perform proximal and distal coronary anastomoses
with all types of conduits during CABG as well as for arterial and venous
anastomoses in pediatric cardiac surgery, arterio-venous hemodialysis
shunts, and peripheral vascular anastomoses [22, 23]. Anastomotic time is
similar to or less than that for continuous suture anastomosis. Clinical pa-
tency has been excellent and the ratio of anastomotic diameter to the LAD
diameter was good (1.17, ranging from 0.93–1.93) [24, 25].
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Fig. 9. The U-Clip is a self- closing clip made from shape memory alloy, which is attached to a
conventional suture needle through a flexible suture-like Nitinol member.



Interrupted anastomoses are the least restrictive and consistently pro-
duce an internal configuration with minimal deformity and potential for
increased flow rates, compliance, and growth [26, 27]. Therefore, clips may
be of particular value in pediatric cardiac surgery helping to preserve
growth potential and prevent anastomotic stricture and late stenosis. Be-
cause of the elimination of knot-tying the U-clip may also be suitable for
minimally invasive, thoracoscopic, and robot-assisted procedures [28, 29].

z The hybrid approach: combine anastomotic device and tissue adhesive

The Buijsrogge and Borst group from Utrecht developed a hybrid anasto-
motic technique that combines mechanical coupling and adhesive bonding
without the need for dedicated application tools [19].

This technique is based on the use of an extravascular stainless steel
frame having 4 downward axially extended hooks, called crinoline because
it looks like a basket, that facilitates the positionning of extraluminal octyl-
cyanoacrylate glue. The frame has an outside diameter of 6 mm and the
hook elements are 8 mm in length and are bendable (Fig. 11). The end of
the graft is passed into the frame, everted and inserted onto the hooks.
Thickenings near hook tips prevent the graft from sliding upward. The
mounted crinoline is then inserted into the target vessel where a 3 mm ar-
teriotomy has been performed. Two crioline hook elements at 3 and 9
o’clock positions relative to the anastomosis are first inserted into the tar-
get vessel wall using standard forceps; then the heel and toe hook elements
are inserted and an intima-to-intima apposition is obtained. Once the cor-
rect vessels’ apposition is confirmed, and moisture is removed with an air
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Fig. 10. Inside and outside macroscopic view of coronary anastomosis performed with U-clip
(sheep model).



blower, about 0.3 �L octyl-cyanoacrylate adhesive is applied to consolidate
the apposition.

This surgical technique has been the object of several animal studies. In
a pig model, LIMA on LAD on beating heart was performed in 8 animals.
Anastomosis construction required 6–7 min and no significant leak was
detected. At five weeks all anastomoses were patent with minor narrowing
in some cases (Fitz Gibbon grade A). In 6 of 8 anastomoses complete inti-
ma–intima apposition was established along the full circumference. In 2
cases a small part of the graft rim at either the heel or toe of the anasto-
mosis was exposed to blood. Streamlining intimal hyperplasia coverage of
the hooks was found together with complete filling of anastomotic recesses
between everted graft and coronary artery. The authors concluded that ex-
traluminal frame structures are relatively easy to apply and minimize for-
eign-body exposure to the blood. A full view of every anastomotic quad-
rant facilitates proper positioning. In case of misalignment repositioning of
one or more hook elements requires little time. Some limitations were ad-
dressed, e.g., by critical arteriotomy length, external ring frame too high,
and the fact that the adhesive is approved for topical wound closure only.
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Fig. 11. Crinoline-adhesive anastomotic procedure.
The stainless steel ring shaped frame (outside di-
ameter 6 mm) has 4 hooks extended axially (length
8 mm) with thickenings at the end. Hook elements
are elastic and can be bended during the insertion.
Anastomotic line is slightly stretched radially be-
cause of the crinoline hooks. Vessels apposition is
consolidated by adhesive (cyanoacrylate).



5.2 Anastomotic assist devices

Anastomotic assist devices have been recently introduced in the market
mainly to avoid the use of aortic side clamp for the construction of the
proximal anastomoses in off pump CABGs. Although, they cannot be con-
sidered as sutureless anastomotic devices because the anastomosis is con-
structed using the standard technique, we will briefly describe two of
them. The Heartstring® Proximal Seal System (Guidant, CA) consists of
polyurethane suture fashioned in a spiral structure, inserted into the anas-
tomotic hole providing a clampless hemostatic seal allowing the construc-
tion of a side-to-end anastomosis in any artery with a diameter greater
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Fig. 12. The Heartstring consists of polyurethane suture fashioned in a spiral structure (A), in-
serted into the anastomotic hole and providing a clampless hemostatic seal allowing the con-
struction of a side-to-end anastomosis in any artery with a diameter greater than 2 cm. Once
the anastomosis contruction is completed and before tying the suture, the device is removed
by pulling the polyurethane suture (B) and cutting the tension spring (C).

Fig. 13. Animal study. Opera-
tive view. The Heartstring has
been inserted into the des-
cending thoracic aorta to avoid
aortic clamp during the con-
struction of end-to-side ana-
stomosis (PTFE 6 mm prosthe-
sis).



than 2 cm. Once the anastomosis construction is completed and before ty-
ing the suture, the device is removed by pulling the polyurethane suture
and cutting the tension spring (Figs. 12 and 13).

The Enclose® (Novare Surgical Systems, CA) acts by squeezing the aor-
tic wall encircling the anastomotic hole. The device is inserted into the
aorta through a side hole and the intra-arterial part consists of an expand-
able basket that is stitched to the aortic wall isolating the anastomosis site
from the blood stream (Fig. 14). Once the anastomosis is completed, the
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Fig. 14. The Enclose acts by
squeezing the aortic wall en-
circling the anastomotic hole.
The white part is inserted into
the aorta through a side hole
and the basket is open and
stitched to the aortic wall iso-
lating the anastomotic area
from the blood stream. Once
the anastomosis is completed,
the basket can be moved fol-
lowing a radial direction with
respect to the side hole, to
perform another anastomosis
or be retrieved.

Fig. 15. Animal study (adult
pig). Histology of aorto-PTFE
graft anastomosis constructed
using the Novare anastomotic
assist device, 4 h after the pro-
cedure. The intima layer has
disappeared and this is prob-
ably due to the traumatic ac-
tion of the device.



basket can be moved following a radial direction with respect to the side
hole, to perform another anastomosis or be retrieved.

We have tested these devices in a sheep model of aorto-coronary bypass
and in clinics as well. Our feeling is that both devices seal the aortotomy,
are easy to handle and do not impair the anastomosis construction. The
Heartstring causes no endothelial lesions. The enclose can be used several
times in the same patient but it causes intimal lesions (Fig. 15) and re-
quires an additional aortotomy to be inserted.
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z Introduction

In this chapter we review the most recent technologies allowing the con-
struction of the side-to-end anastomosis between ascending aorta and con-
duit, either vein or artery. For each device, we describe the technical char-
acteristics (device design), report the published results of the most impor-
tant experimental and clinical studies (experimental work up and clinical
results) and conclude the device’s presentation with specific observations
that could help the reader to better understand its values and limits (com-
ments).

All the described devices do not require aortic clamp and, therefore, can
be used on beating heart surgery. However, in some clinical studies and for
different reasons, some of them have been used on cross-clamped aorta.

6.1 Symmetry aortic connector, first generation system

The Symmetry Aortic Connector is a part of a family of connectors de-
signed and manufactured by the St. Jude Medical Anastomotic Technology
Group (St. Paul, MN). It has the privilege to be the pioneer of Nitinol
based connectors, the first to come onto the market and the first to receive
FDA approval, and, therefore, this is the connector with the largest clinical
experience.

z Device design

It is made of Nitinol (Fig. 1), a memory shape alloy of Nickel and Titanium
that spontaneously and quickly recovers a given shape once it reaches the
body temperature, no matter the shape it has when loaded into the deliv-
ery system (crimped configuration).

The manufacturer recommends using the connector only with saphe-
nous vein graft and it is available in 4 sizes from 4.5 to 7.0 mm outer di-
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ameter. Once deployed, it has a double star-like shape squeezing the aortic
wall that ensure the connection between the device itself and the aortic
wall. A short chimney with hooks at the tips provides the connection be-
tween the graft and the device. The use of clips to close side branche holes
is not allowed because it can hamper the device loading and no side
branches should exist within the last 5 mm of the end of the vein to be at-
tached to the connector. The graft is sized under pressure to select appro-
priate size connector.

The end of the vein is cut approximately at a 90� angle. It is then trans-
ferred on to the delivery system maintaining the direction of flow. Vein
edges are pulled over the hooks to pierce the vein ensuring that the vein is
not everted (Fig. 2). The connector is then inverted and the delivery system
is attached to the handle. The nosecone is inserted and rotated until slots
are aligned with vein hooks and the vein is ready for deployment. This
procedure requires a learning curve of 10 h and a trained surgeon needs
about 10 min to complete it.
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Fig. 1. The first generation of
SJM aortic connector. Aortic
wall is squeezed in between
internal and external struts.
The connection with the vein
graft is provided by hooks.

Fig. 2. SJM proximal connector
I generation (Q-CAB). Vein is
charged onto a transfer sheath
and the surgeon manually
pierces vein wall to insert de-
vice’s hooks. The hooks provide
the device-vein wall connec-
tion.



Aortotomy is done with a dedicate punch illustrated in Figure 3.
Figures 4 and 5 show the external and internal aspect of the sutureless

anastomsis.
There is a limitation in the CABG timing construction because the prox-

imal anastomosis has to be performed before the distal. The site of a proxi-
mal anastomosis must be precisely determined since the take-off angle of
the vein graft out of the aorta will be in a 90� angle. This requires an ade-
quate support of the proximal vein graft segment (with the pulmonary ar-
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Fig. 3. Dedicate punch for precise arteriotomy.

Fig. 4. Intraoperatory picture.
The Q-Cab has been used for
the construction of two proxi-
mal anastomoses.



tery for those grafts to the circumflex coronary artery and with the right
ventricle for those to the right coronary artery) to avoid graft kinking. The
final position of the vein graft is still unpredictable once the mediastinal
fat tissue and/or the pericardium have been closed and this will also be de-
pendent on the distance between the sternum and the ascending aorta.
Thus, for proper alignment and to prevent torsion, the graft to right coro-
nary or posterior descending artery should be connected on the right side
of the aorta while the graft for diagonal or obtuse marginal should be con-
nected more to the left side of the aorta. The optimal mean arterial pres-
sure during delivery is about 50–60 mmHg, and in all cases below
100 mmHg. The system uses a unique rotating blade that creates a perfectly
round hole without damaging the adjacent aortic wall. Delivery takes less
than 10 s. Haemostasis is usually adequate and instantaneous. In case of
anastomotic leakage, placement of an adventitial extra-stitch can be per-
formed but is not recommended by the company.

z Experimental work up and clinical results

Since receiving CE market label and FDA approval in May 2001, more than
40,000 Symmetry Aortic Connector Systems have been used worldwide and
preliminary results were very favourable in terms of consistency of the
anastomosis, reliability of the device, immediate haemostasis and flow rate
through the graft [1, 2]. However, results of clinical studies assessing the
long-term patency of proximal anastomoses constructed with the first gen-
eration of SJM connector have dramatically reduced the initial enthusiasm
[3]. Traverse [4] reported clinical, angiographic and interventional follow-
up of 74 consecutive patients having undergone elective CABGs in which a
total of 131 of 144 proximal vein graft anastomoses were performed with
this device. A total of 11 patients were readmitted with unstable angina in
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Fig. 5. Sheep model, one
month follow-up. Thin layer of
neointima cover inner struts of
the proximal connector.



the first 6 months after CABG. At angiography, 20 saphenous vein bypass
grafts containing 18 connectors were found to have severe stenosis (n = 12)
or occlusion (n = 6), and were treated with angioplasty and stenting or
medical therapy.

In another series of 206 connectors deployed in 132 patients technical
problems arose in 5.5% of the cases. Moreover, 19 patients that had re-
ceived a total of 32 venous bypasses underwent postoperative angiography
at eight weeks revealing the occlusion of 4/32 grafts (12.5%) although in-
traoperative transit time flow measurement was satisfactory in all cases
[5].

Assuming that, before widespread acceptance, new techniques must be
compared to standard procedures and critically evaluated, we designed a
clinical study to assess the 1 year patency rate of this connector and com-
pare it to the patency rate of the standard technique in such a way that
each patient was a case and control simultaneously. We designed a one
arm, two centers, prospective, non-randomised clinical trial, enrolling pa-
tients over 65 year old, with severe 3 coronary vessel disease and vascular
co-morbidities, scheduled for elective on pump CABGs. Eighteen patients
were enrolled (15/18 had peripheral vasculopathy Fontaine IIB or more,
and 6/18 had asymptomatic carotid artery stenosis) each receiving at least
2 venous bypasses: one on the right coronary artery and one on the cir-
cumflex artery. Therefore, each patient had one proximal anastomosis con-
structed with the symmetry device and the other one with the standard
technique (5-0 polypropylene running suture). After weaning the pump,
graft flow was measured using the ultrasound transit-time method (Medi-
Stim system®) and the pulsatility index (PI) was calculated as well. PI is
defined as the difference between systolic peak flow and diastolic flow di-
vided by the mean flow [6]. All patients received Aspirin 100 mg per day
starting on the day of the operation.

The connector was used in 10 grafts on the right coronary artery and 8
on the circumflex artery and vice versa for the running suture. Mean coro-
nary diameter was 1.5 ± 0.5 mm. Twelve patients (86%) also underwent
LIMA onto LAD grafting. Mean venous graft flow was 27 ± 11 ml/min in
the connector and 31 ± 12 ml/min in the running suture group. The mean
pulsatility index was 2.8 ± 0.5 (range 2.5–3.5) for both groups. All patients
survived the procedure and the post-operative period was uneventful for
all of them. They received Aspirin 100 mg per day. One year after the pro-
cedure they were all alive and asymptomatic, without significant ECG mod-
ification and all underwent elective coronary angiogram to assess graft pa-
tency. Six grafts mechanically anastomosed (33.3%) and 4 grafts sutured
manually (22.2%) were occluded. One connector had proximal stenosis of
75% (5.1%). Seven out of 10 occluded grafts were on the right coronary
system. Patency rate of LIMA grafts was 92% (11/12) (Table 1).

Overall results were not as good as they were expected to be. It is gener-
ally accepted that venous grafts have a 1 year patency rate of about 90%
[7]. In our experience only 67% of the venous bypasses constructed with
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the sutureless device and 78% of the venous bypasses constructed using
the running suture technique were fully patent one year after the proce-
dure. Patient selection criteria have probably affected the outcome: old pa-
tients with severe systemic vasculopathy usually have the worst prognosis.
An additional factor that has probably caused the early graft occlusion was
the poor run off of the coronary system. The mean graft flow of the oc-
cluded bypasses was less than 30 ml/min and, even if the diastolic pattern
was satisfactory with a pulsatility index between 2.5 and 3.5, it still is a
negative prognostic factor for long term anastomosis outcome [8]. More-
over, 7 out of 10 occluded bypasses were on the right coronary artery,
strongly reinforcing the evidence that the bypass on the right coronary
system lasts for a shorter period of time. Fortunately, none of the patients
with occluded bypass complained of angina. The question of whether the
connector has played a role in determining the unfavourable evolution of
this sutureless anastomosis, still has an open answer and we can only for-
mulate general hypothesis.

Based on the experience of 10 years of coronary artery stenting, we can
speculate that the presence of foreign material in the vessel lumen may
promote myointimal hyperplasia which causes stenosis and graft occlusion.
The symmetry connector has a BENIS (see Chapt. 5) of 1.8 mm2 compared
to 0.6 mm2 of the running suture, therefore, there is a stronger stimuli to
myointimal hyperplasia eventually leading to graft occlusion. However, if
this is the main cause of the graft failure, we should expect to find the ma-
jority of the stenosis at the level of the connector where all the nitinol is,
thus at the anastomotic site, and this is not the case. As reported by other
authors and confirmed by our clinical experience almost all stenoses are
located a few millimetres distal to the connector’s metallic pins and struts
(Fig. 6).

This is the reason why other mechanisms for early graft occlusion can
be evoked. The take-off angle of the vein graft from the ascending aorta is
90� and this may induce graft kinking and abnormal fluid dynamics.
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Table 1. 18 patients underwent off pump CABGs receiving at least 2 vein grafts one on the
right coronary artery (RCA) and one on the circumflex artery (CA). One of the 2 proximal
anastomosis was constructed with the connector and the other one using the running suture
technique. One year after the procedure, the angiogram showed that 6/18 in the connector
group and 4/18 in the running suture group were occluded. Data are expressed as mean and
standard deviation.

RCA CA Coronary
�

Graft flow
ml/min

1 year agiogram

occlusion stenosis

10 8 1.5±0.5 27±11 6/18 33% 1

8 10 1.5±0.5 31±12 4/18 22% –



Therefore, it is important to correctly estimate the vein graft length before
deploying the device. Inappropriate graft length may result in significant
vein graft stenosis which typically develops at the connector site when the
vein graft is too short.

In an animal study conducted to assess the feasibility of descending tho-
racic aorta to femoral artery bypass using a thoracoscopic approach, the
proximal anastomosis was constructed using the first generation SJM prox-
imal connector [9]. The pathological examination of the occluded grafts
showed the thrombus formation a few millimetres distally to the connector
as shown in Figures 7 and 8, and this was probably due to the graft kink-
ing caused by an anastomosis take off angle of 90� and the shortness of
the graft.
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Fig. 6. Coronary angiogram of
1 year follow up SJM proximal
connector. The graft sub-occlu-
sion is at least 5 mm from the
metallic connector.

Fig. 7. In an animal model,
the SJM proximal connector
has been used for constructing
the proximal anastomosis of
aorto-to-femoral bypass. The
pathological examination on
the occluded graft reveals a
thrombus a few millimetres
distally to the connector and
this is probably due to graft
kinking caused by an anasto-
motic take off angle of 90�.



A 90� angle anastomosis is thought to cause turbulent flow that is as-
sociate with areas of low wall shear stress promoting early thrombosis and
myointimal hyperplasia. However, if the specific hemodynamic conditions
of the ascending aorta to vein graft anastomosis with a 90� take off angle
are simulated using a computational flow dynamic approach, the results are
somehow, surprising. In an elegant experimental study, Alfieri and co-
workers [10] investigated the fluid dynamic patterns at the proximal graft.
Four models of hand-sewn anastomoses and two models of automated
anastomoses were constructed and a finite volume technique was used to
simulate realistic graft fluid dynamics, including aortic compliance and
proper aortic and graft flow rates. The anastomosis geometry performance
was analyzed by calculating time-averaged wall shear stress and the oscil-
lating shear index at the toe and heel regions of the proximal graft. Time-
averaged wall shear stress was significantly lower in the hand-sewn anasto-
mosis models than in the two models that simulated the use of the aortic
connector (0.38 ± 0.07 Pa vs 1.32 ± 0.4 Pa). Higher oscillating shear index
values were calculated in the hand-sewn anastomosis models (0.15 ± 0.02 Pa
vs 0.06 ± 0.02 Pa). They concluded that symmetry anastomosis geometry is
associated with less critical fluid dynamics than with conventional hand-
sewn anastomosis: the shape of the proximal graft induces more physiolog-
ical wall shear stress and less oscillating flow, suggesting a lower risk of
atherosclerotic plaque and intimal hyperplasia as compared with conven-
tional anastomosis geometry.

The vein graft manipulation during the loading of the vein onto the
connector delivery system could play a major role in the anastomosis oc-
clusion. During this phase, the endothelium of the vein can be damaged or
even destroyed and this is one of the most powerful stimuli to myointimal
hyperplasia.

Another prospective study evaluated the relationship between major ad-
verse cardiac events (MACE), defined as cardiac mortality, myocardial in-
farction, or revascularization of a previous target vessel, and the use of the
connector in two cohortes: 162 patients receiveing at least 1 proximal ana-
stomosis constructed with the connector and 159 patients receiving run-
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Fig. 8. Animal study. Gross pathology 6 weeks after
the construction of the proximal anastomosis with
SJM proximal connector. Anastomosis is occluded
and covered with a thin myointimal layer.



ning suture technique as control [2]. This study demonstrates that in com-
parison with an equivalent control group, patients having received anasto-
motic connectors had an increased incidence of early MACEs. The majority
of the events were related to the need for target vessel intervention. Multi-
ple factors may negatively impact graft survival and freedom from target
vessel reintervention, including technical problems at the time of surgery,
poor quality conduit, diminished distal vessel run off, and progression of
native vessel disease. In this study, early MACEs were most common in the
patients with diabetes and significantly more frequent in patients on oral
hypoglycemic medications as opposed to those on insulin. In fact, there
were no observable differences in MACEs between the control group and
the nondiabetic connector cohort or the connector patients on insulin. Two
anastomotic connectors of this series were explanted in a previously by-
passed nondiabetic patient undergoing cardiac transplant. Grossly, both
anastomoses were subtotally occluded at the ostia with patent distal saphe-
nous vein. Histology of the specimens demonstrated necrosis in the area at
which the vein wall abuts the aorta and fibrous tissue occluding the orifice
of the anastomosis within the aorta. These findings were indicative of an en-
hanced fibrotic reaction elicited by deployment of the connector. This re-
sponse could be exaggerated by the procoagulant and pro-inflammatory pre-
disposition of the diabetic patient, thus leading to reduced graft patency.

z Comments

In summary, there are several critical points concerning the first generation
of SJM proximal connectors. The mounting of the vein over the delivery de-
vice is one of the most critical steps for the quality of the connection; inac-
curate mounting could end up with anastomotic leakage or with a stenotic
connection. With this device the proximal anastomosis has to be performed
first which means a change for a majority of surgeons. The design of the con-
nector implies a 90� take-off angle of the vein graft from the ascending aorta.
This means that the anterior surface of the ascending aorta should be avoided
because of the risk of kinking and compression by mediastinal tissue and the
sternum. The optimal length of the vein has to be evaluated very precisely to
avoid kinking of the graft or tension on the connector.

6.2 Symmetry aortic connector, second generation system

To address some limitations and pitfalls of the first generation proximal
connectors, in particular the graft manipulation and the take off angle, the
St. Jude Medical developed a second generation system with the following
main changes (Fig. 9).
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First the concept allows a side-to-side anastomosis avoiding manipula-
tions in the vein graft during the loading process. Second, there is no con-
cern about the take-off angle in this configuration. Third there is a fixed
size of the connector as compared to self-expansion with the first genera-
tion device.

z Device design

A sizing/incision tool is advanced 1–3 cm into the proximal end of the
graft. A scalpel blade is use to create an opening in the side wall of the
graft at the anastomosis site; the delivery system, with the premounted
connector, is then placed in this aperture. The attachment knob of the de-
livery system is then rotated to release the connector graft hooks thereby
securing the graft to the connector. The delivery system is then introduced
into the target aortic site (cutting process same as with first generation
system). The delivery system handle push button is pressed and the deliv-
ery system is removed. The graft stub end is ligated or clipped (Fig. 10).

Despite the fact that preliminary clinical results seem to confirm that
the second generation of connectors is a consistent improvement, St. Jude
Medical Inc. has stopped the manufacturing and distribution of the Sym-
metry Aortic Connector on January 2005 for reasons apparently not linked
to the clinical results.

6.3 The CorLink

The Aortic Anastomotic Device (AAD Bypass, Ltd, Herzelia, Israel) which
has been commercialized by J & J Ethicon (Cardiovations, a company of
Ethicon, Somerville, NJ) as CorLink, allows the creation of an anastomosis
between ascending aorta and saphenous vein graft in a side-to-end config-
uration.
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Fig. 9. Second generation of SJM proximal connec-
tor. External struts have been taken off and replaced
with longer pins. The cross sectional anastomotic
area is bigger than first generation’s device. There is
no graft manipulation during the loading phase and
the anastomosis has a side-to-side configuration
with an acute take off angle.



z Device design

The AAD is a self-expanding nitinol extraluminal device that consists of a
central cylindrical body made of interconnected elliptical arches and two
sets of five pins radiating from each end. The graft is pulled through the
inserter by means of a snare or a 4.0 suture passed through the adventitia.
The vein graft has to be everted over the distal end of the system and this
procedure is cumbersome and could damage the intima layer. The five inti-
mal pins are deployed from the cardridge of the delivery system, making
them protrude and penetrate the everted segment of the vein. Full penetra-
tion of the pins through the vein tissue is a mandatory precondition for a
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Fig. 10. a Proximal St. Jude Medical
SymmetryTM second generation aor-
tic connector. Introduction of the
delivery instrument is through the
proximal end of the graft. b Com-
pleted side-to-side anastomosis with
the proximal end of the graft being
clipped. Note that there is no intro-
duction of a delivery system nor a
connector within the graft itself.

a

b

Fig. 11. Front view of the Corelink anastomotic de-
vice.



successful procedure. A special punching instrument is inserted in the han-
dle and creates a round hole in the unclamped aorta. After punching, the
punch cone is driven into the aorta while the device is rotated 360� in both
directions to ensure a complete punching. The punching device is with-
drawn from the handle and the delivery system is advanced into the aorta
and the AAD is released. At this time the inner pins partially penetrate the
aortic wall whereas the outer pins stabilize the device by anchoring into
the aortic adventitia. The inserter together with the overtube split open
and release the anastomosed vein graft (Fig. 11).

z Experimental work up and clinical results

Preliminary animal studies were carried out to assess the reliability of the
system. Forty-seven vein-to-aorta anastomoses using the CoreLink and 27
control hand-sutured anastomoses were constructed in 28 sheep [12].

The distal part of these grafts were connected either to the main pulmo-
nary artery or to the sheep’s brachiocephalic trunk. Procedural details fo-
cusing on deployment, leakage, and early patency rates were examined.
Sheep were sacrificed after periods ranging from 1 to 180 days. Specimens
were examined grossly and histologically. All anastomoses were patent im-
mediately after their construction. There was no difference between control
and suturless anastomoses with respect to flow rates at the end of opera-
tion and before sacrifice. No metal breaks were detected. Fourteen of the
47 sutureless anastomoses and 6 of the control anastomoses (29.8% versus
22.2%, P = ns) were occluded at autopsy. Intimal thickening was found in a
notable number of anastomoses, but without any significant difference be-
tween the sutureless and sutured controls (44.7% versus 40.7%, P = ns).

Two major clinical studies concerning the CorLink have been conducted.
In the first trial 17 patients were enrolled [13] and received one proximal
anastomosis constructed with this device. In one patient the device was
not deployed and in 2 patients an additional suture was necessary to
achieve perfect hemostasis. There was neither mortality nor device-related
morbidity in this series and in 6 patients control angiogram showed patent
anastomosis after a mean follow-up of 48 days.

In a second prospective randomized trial 11 patients receiving at least
one CorLink device were compared to 10 control patients. In one case ever-
sion of the vein graft was not possible and in 2 patients additional sutures
were necessary to control minor anastomotic leakage. In the same group
one patient had a myocardial infarction and another one had to be reoper-
ated because of a kinked internal thoracic artery (ITA) graft. The 6-month
followup with CT-scan showed that all grafts were patent [14].
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z Comments

Even if graft manipulation is quite important, the amount of foreign mate-
rial exposed to blood flow is rather small: there are only 5 pins on the aor-
tic side of the anastomosis and nothing on the vein side. The majority of
the connector is outside the vessel and, therefore, only very limited intimal
hyperplasia should be expected. The take off angle is not fixed and can be
adapted to patient’s anatomy. However, results of experimental and clinical
preliminary studies reduced the enthusiasm for this promising device and,
at the present time, the CoreLink is not distributed in Europe or the USA.

6.4 The PAS-PortTM proximal anastomosis system

The PAS-Port proximal anastomosis system (Cardica Inc., Menlo Park, CA)
has been cleared by the European Community, receiving the CE mark in
September 2004. This device creates a sutureless automatic side-to-end
anastomosis between aorta and vein conduit in a side-to-end configuration
(Figs. 12 and 13).

z Device design

The major improvement that characterizes the PAS-Port is that it consists
of a single tool allowing the surgeon to create the aortotomy and the de-
ployment of the connector with one single turn of a knob. This device
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Fig. 12. Schematic representa-
tion of the PAS-Port.



eliminates the need of exchanging the aortic puncher with the delivery sys-
tem and seems to be ideal for endoscopic use. In a three-step process the
vein graft is first pulled through the implant, then manually everted over
the end of the implant and, with the help of a poke-through tool, the
everted vein is attached to the connector with a single action [3]. The de-
ployment tool is placed onto the aorta exactly where the anastomosis will
take place and the surgeon rotates a knob at the end of the tool. This de-
sign requires the surgeon to perform the proximal anastomosis first and
then attach the graft to the target vessel at a 90� angle. Therefore the sur-
geon has to carefully select the site on the aorta for placement of the proxi-
mal anastomosis and correctly measure the appropriate graft length in or-
der to avoid graft kinking.

z Experimental work up and clinical results

This device has been evaluated in a multi-center European study. Results of
the clinical trial have been recently presented which include data from 50
patients scheduled for elective CABG surgery [15]. Sixty-three PAS-Port de-
vices were deployed. Two deployments were unsuccessful. A purse string
suture was used to secure hemostasis in 6 deployments. There were no
redo operations for bleeding or ischemic problems. Two patients died of
causes unrelated to the device. Patency evaluation at discharge was per-
formed by angiography in 49 implants and CT in 2 implants (86% follow-
up). At discharge all controlled grafts were patent (100% early patency
rate). The angiographically evaluated implants were all rated FitzGibbon A.
At 6 months there was no additional mortality. Forty-seven implants were
evaluated by angio, 4 by CT (85% 6 months follow-up). All grafts but one
were patent (98%). One graft had proximal stenosis (FitzGibbon B) suc-
cessfully treated with percutaneous balloon dilatation.

This is the largest series reported in literature and it confirms the unpub-
lished preliminary results. Early and mid term patency are excellent and
these data compare favourably to data from historical hand sewn controls.
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Fig. 13. The PAS-Port proximal anastomotic device. The vein is inserted into the connector (a),
then everted (b) and the pins pierce the vein (c) to ensure the connector – graft connection.

a b c



z Comments

The connector is made of stainless steel and this results in a firm attach-
ment of the implant to the aorta. On the other hand, stainless steel can be
deformed during anastomosis manipulation resulting in complete and per-
manent modification of the anastomotic geometry. The blood exposed sur-
face of this connector is very small and is limited to the aortic side of the
anastomosis. No metal is present into the graft. Other key improvements
over previous generations include minimized endothelial trauma during
loading and large effective orifice area. The PAS-PortTM System exists in
only one size and is compatible with vein grafts from 4–6 mm outer diame-
ter and aortas greater than 18 mm outer diameter. If used in smaller aorta,
the delivery system can injury the opposite side of the aortic wall.

A larger and more widespread use of this device and report on the re-
sults might be necessary to judge the value of the device and convince the
cardiac surgeon community about the usefulness of routine proximal aortic
anastomosis.

6.5 The Spyder

The Spyder (Coalescent Surgical, Sunnyvale, CA) is a novel application of
nitinol sutures (U-clips) enabling the construction of graft vein to aorta
anastomosis. The vein graft having diameter bigger than 5 mm, is pre-
viously mounted onto the delivery system (Fig. 14). After creating a precise
aortotomy with dedicate aortic punch, the loaded delivery system is posi-
tioned in the aortotomy and six nitinol sutures are deployed simulta-
neously. The result is an end-to-side anastomosis constructed with inter-
rupted suture technique without the disadvantages of the tying the nots.

This anastomotic device has recently received the FDA approval and the
CE mark. It has been the object of clinical study [16] and preliminary re-
sults are very promising.
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plication of the device.
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z Introduction

In this chapter we review anastomosis devices that allow the construction
of end-to-side coronary anastomosis. Several distal devices using different
technologies have been developed and are currently under clinical investi-
gation to assess their potential benefits in terms of enabling limited access
coronary surgery like totally endoscopic coronary surgery, reducing the
technical demand for the anastomosis construction and standardizing ana-
stomosis quality. Some of these devices can be also used with arterial graft,
the majority are compatible with beating heart surgery and almost all show
good results in terms of early graft patency. All patients receiving distal
connectors are under thrombocyte aggregation inhibition with aspirin and/
or clopidogrel for at least 1 month after the operation.

For each device, we describe the technical characteristics (device de-
sign), report the published results of the most important experimental and
clinical studies (experimental work up and clinical results) and conclude
the device’s presentation with specific observations that could help the
reader to better understand its values and limits (comments).

7.1 St. Jude Medical Coronary Connector

The St. Jude Medical Coronary Connector is a balloon-expansible, stainless
steel device first mounted on the vein graft and then inserted into the tar-
get coronary artery to achieve a side-to-side anastomosis. The side-to-side
technique allows accommodation of the device to different conduit sizes,
produces a uniform anastomosis diameter and provides an optimal takeoff
angle to prevent kinking.

Coronary surgery:
devices for distal anastomoses

7



z Device design

The first generation of coronary connector has been quickly replaced with
a more reliable version. The second generation has been designed in 2
sizes: 2 mm and 2.5 mm. It has external pins securing the vein graft and
internal struts engaging the internal coronary artery lumen. A nose cone
covers the internal fingers to prevent coronary artery endothelial trauma
during deployment (Fig. 1). The connector is loaded on a balloon catheter.
When the balloon is inflated, it expands the connector reducing its length
and firmly apposing the two vessels to create a hemodynamic seal. The
connector body also acts as a scaffold for the anastomosis. An opening is
made into the vein wall approximately 1 cm from the distal end of the graft
with a preformed 1.25 mm cutting device and a 1.5 mm Teflon-coated dila-
tor. The delivery system is passed through the distal end of the vein, and
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the external connector struts engage the graft endothelium as the nosecone
emerges from the new ostium. The arteriotomy on the target coronary is
performed with the same cutting device and dilator sheath. The delivery
system is then introduced axially through the arteriotomy until the graft
ostium perfectly touches the coronary artery wall. The nosecone is then
advanced uncovering the internal struts, and the delivery system is reposi-
tioned perpendicular to the long axis of the coronary artery. The balloon is
inflated and pressurized to 18 atmospheres, expanding the connector to a
uniform cylindrical configuration. After delivery the catheter is pulled back
and the distal end of the vein graft is occluded with clip or a similar tech-
nique.

z Experimental work up and clinical results

This anastomosis device has been extensively studied in animal and con-
trolled clinical studies [1–6]. In a prospective study [6] enrolling 32 pa-
tients receiving each 1 distal connector (on the right coronary artery in 14
patients, the posterior descending branch in 12 patients, the obtuse mar-
ginal in 5 patients, and the posterolateral branch in 1 patient), 3 connec-
tors were removed because of minor leakage at the connection site, and 1
connector was removed because it was accidentally deformed after success-
ful deployment. Intraoperative flow was assessed by the transit time meth-
od and averaged 71 ± 24 mL/min. One patient died of neurological injury;
the connector was patent at autopsy. One patient had a perioperative myo-
cardial infarction. There were no adverse cardiac event in the remaining
patients. Twenty-one patients were followed up with angiogram at 6
months: 4/21 (19%) grafts were occluded.

In another randomized, controlled study [7] a total of 60 patients sched-
uled for elective on pump, arrested heart, CABGs were randomly assigned:
one vein graft-coronary artery anastomosis per patient was either per-
formed with the connector (n = 30 patients) or hand sewn (n = 30 patients).
Inclusion criteria required a coronary outer diameter of 2.5 mm at the
anastomotic site, corresponding to an estimated inner coronary diameter
greater than 2 mm. The internal vein graft diameter had to exceed 3.5 mm.
There were no significant differences between groups regarding preopera-
tive demographic data. One patient was excluded from the connector group
because of a plaque in the back wall, resulting in dislocation of the connec-
tor. Six sutureless anastomoses were leaking and required one additional
suture each. The mean time required to load the vein graft onto the deliv-
ery system was 2 min and the time for deploying the connector was less
than 1 min. The intraoperative graft blood flows after weaning from extra-
corporeal circulation were about 47 mL/min in both groups indicating that
all anastomoses were patent at the end of the procedure.

At the 6-month follow up, one patient has complained of angina and
had stenosis of the suturless anastomosed graft requiring reoperation.
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Fifty-seven patients were controlled either with angiography or MRI at 6
months: all the grafts in the control group were patent. Seven of the grafts
that received the connector were occluded (26%).

In this study, the SJM connector had a 6-month patency rate of 74%
which could be considered equivalent to historical patency rate for vein
grafts. However, if we compare this result to the control group in this study
in which all sewn anastomoses were open, it is not acceptable. This stresses
once again the importance of the study design in the early phase of the
evaluation of any new device or drug.

z Comments

The complexity of the whole connector system may strongly contribute to
these poor results. Anastomoses performed with the SJM coronary connec-
tor are round rather than oval leading to the angiographic observation that
these anastomoses appear to be smaller than hand-sewn ones (Fig. 2). The
use of stainless steel for coupling devices implies the need for a more care-
ful handling of the system during loading and delivery to avoid irreversible
deformation. The deformation of the connector during the deployment
could be the main cause of bleeding at the anastomosis site.

Besides that, there could be several reasons to explain the high incidence
of early graft occlusion when this connector is used. Foreign material is in-
troduced into the vessel with a BENIS of 1.3 mm2 and the loading process
could damage the intima layer. The distal part of the vein has to be ligated
after the deployment of the connector, and this can create a cul-de-sac
close to the anastomotic site in which a thrombus eventually will form
completely remodelling the intimal layer because of changes in the flow
pattern.
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Anastomotic bleeding has always been managed by adding extra stitches
because, even if the removal of a failing connector is feasible and easy this
will damage the coronary artery and jeopardize the quality of the subse-
quent hand sewn anastomosis. In the situation of a technical failure, such
as a leaking anastomosis, it is easier and somehow safer to add a suture
instead of anastomosing a damaged target vessel. However, adding a stitch
can potentially compromise the long-term result.

We believe this connector is not ready for extensive clinical use because
the incidence of anastomosis bleeding is too high and the graft patency
too low.

7.2 The Graft Connector

By means of modern stent technology, Jomed International AB, Helsing-
borg, Sweden, has developed the Graft Connector (GC) that represents an
alternative way to construct the coronary anastomosis by reducing the
technical demand with respect to the total number of manual manoeuvres
and the required manual dexterity. The GC reduces the performance time
of an end-to-side anastomosis and it facilitates a consistent and reproduci-
ble sutureless coronary artery anastomosis for minimally invasive and
beating heart surgery as Solem has exhaustively demonstrated in an animal
model [8]. Moreover, he has demonstrated that GC is a less technically de-
manding procedure requiring low manual dexterity as compared to a run-
ning suture.

z Device design

A dedicated coronary artery Nitinol stent is covered by a 10 �m thick layer
of polytetrafluoroethylen (PTFE) and has a side branch, called tower, of
4 mm PTFE vascular graft as shown in Figure 3. The tower is where the in-
ternal mammary artery (IMA) is inserted and fixated by means of a liga-
ture after it has been first inserted through and then everted over the out-
side of a Nitinol ring. The covered stent is then inserted in the receiving
coronary artery through a 4–6 mm arteriotomy. To facilitate the device in-
sertion in the coronary artery, it is kept in a crimped loaded configuration
(1-mm outer diameter) by means of a plastic handle. Once in the correct
position, the release mechanism is activated and the covered stented graft
self-expands in the receiving vessel and fixates the conduit (IMA) to the
coronary artery. There is a minimal coronary size of 1.5 mm and a maxi-
mal of 3.5 mm for GC use.
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z Experimental work up and clinical results

We designed an animal study to compare histology and luminal width of
end-to-side coronary artery anastomoses performed with GC to standard
running suture technique [9]. In a sheep model, LIMA on LAD off pump
CABG was performed: 25 animals received the connector and 5 running
suture as a control group. We have followed up animals for 6 months since
in animal models for such devices, the most interesting reactions occur be-
tween the 1st and 3rd months. Histological data showed that all the anasto-
moses examined were patent after 6 months. The thickness of myointimal
hyperplasia was the first difference that came up between groups: 0.21 ±
0.1 mm in the device group vs 0.01 mm in the control group (Fig. 4).

Statistical analysis demonstrated that difference is highly significant:
p < 0.001. As myointimal hyperplasia is the first cause of anastomotic ste-
nosis, we would expect it to cause a reduction of anastomotic diameter,
but this was not the case. Mean anastomotic diameter is 1.7 mm in the GC
group vs 1.6 mm in the control group (p-value = NS). Mean anastomotic di-
ameter in the GC group corresponded to mean LAD diameter of adult
sheep. In other words, there was no histopathological sign of stenosis in
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any of the groups even if myointimal hyperplasia was more important in
the GC group, because anastomotic luminal width corresponded to the nor-
mal adult sheep LAD diameter.

Myointimal hyperplasia was less predominant in the tower but no statis-
tical difference has been noted in the different parts of the GC (tower and
stent). Even if myointimal hyperplasia did not affect anastomosis patency,
it is a matter of fact that it was significantly higher in the GC group. Vessel
injury, stent material and stent geometry are known factors that correlate
closely with late neointimal thickening in experimental models [10, 11].
The degree of hyperplasia has been linearly related to the degree of stent-
induced vessel wall injury [10], but the specimens of the GC group had in-
tact internal elastic lamina and we can reasonably assume that GC did not
provoke any significant vessel injury during deployment.

Animal studies [11] demonstrate that stent design can cause late neointi-
mal thickening to optimize fluid flow at the blood/metal interface, without
affecting vessel patency. At deployment, the stent stretches the vessel, im-
posing a cross-sectional polygonal luminal shape that depends on the stent
design. The lumen therefore initially assumes the geometric shape of a
polygon, with the struts marking each vertex. Altered stent-imposed fluid
dynamics may cause regions of turbulence and/or stagnation in the im-
mediate vicinity of stent struts and provide a basis for the observation that
restoring the lumen to a circular shape will optimise fluid flow characteris-
tics at the blood/metal interface. In Figure 4 it appears clearly that stent
struts alter vessel geometry and the restoration of luminal circularity by
neointimal growth seems to be the physiological response to optimise flow
at the blood/metal interface. The oversizing of the device at the implanta-
tion has also played a role in the degree of intimal proliferation. We can
imagine that the difference between GC and native vessel diameter has
been filled up with myointimal proliferation in order to optimise blood
flow. Figure 5 illustrates the histological reaction at the GC edges (transi-
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tional area) and clearly elucidates this phenomenon: neointimal growth op-
timizes blood flow characteristics reducing turbulence in the proximity of
the GC edges.

The over sizing phenomenon may also explain the reduction of the
cross-sectional anastomotic area, 35.6% of distal LAD in the device group
versus 5% in the control group. These values were calculated assuming that
the native vessel cross-sectional area corresponds to the GC cross-sectional
area as reported in Figure 4. This assumption, however, is only valid if the
GC is oversized with respect to the native LAD diameter. The consequence
of the GC oversizing is an overestimation of the cross-sectional anastomo-
tic area reduction. Therefore, the mean anastomotic cross sectional area re-
duction of 35.6%, corresponding to a 15% reduction of anastomotic diame-
ter, is overestimated.

No sign of artery wall degeneration has been found. Signs of mild
chronic inflammatory reaction have been found in some specimens mostly
in the proximity of PTFE layer. This tissue reaction has already been de-
scribed by other authors and seems to be related to the PTFE itself [12,
13]. There is no evidence in current literature that this tissue reaction has
ever affected the anastomosis patency.

The segment of the IMA having been everted and tied onto a rigid
structure (tower) was still viable even if it is not possible to recognise an
intimal layer and the media has signs of chronic inflammatory reaction.

Carrying out the histological analysis, we also focused our attention on
the rim of PTFE which is between the end of the IMA and the endothelium
of the coronary: this PTFE was covered with myointimal cells as were the
other parts of the GC.

One of the potential drawbacks of the GC is that the covered stent may
occlude side branches, like septal branches with obvious unfavorable con-
sequences.
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z Comments

The GC provides a consistent and reproducible coronary artery anastomo-
sis and reduces technical demand and manual dexterity in coronary sur-
gery. Long-term results in an animal model, demonstrated that off pump
CABGs performed with GC had 100% patency rate. The mean anastomotic
luminal width corresponds to mean LAD’s adult sheep diameter. We may
speculate that myointimal hyperplasia occurred as a result of local device
oversizing. More precise GC sizing could reduce myointimal hyperplasia
even if, in our experience, it doesn’t cause stenosis.

The production and distribution of the GC is, at the present time, sus-
pended.

7.3 Magnetic Vascular PositionerTM

The nature and origin of magnetic fields is still unknown: they interact
with cellular biology but the details of such interaction and the consequent
results are far from clear. However, the concept of using magnetic force to
create a vascular anastomosis is original and, somehow, fascinating because
it is based on a very simple idea. As presented in Chapter 1, Obora has
published the first scientific work describing the use of magnetic force to
create an end-to-end microvascular anastomosis in 1978, but results were
not encouraging. The Magnetic Vascular Positioner (MVP) developed by
Ventrica Freemont, CA, represents the first successful attempt to create a
vascular anastomotic device that works using magnetic force. The tech-
nique of application looks very easy, and this is the basis for a reproducible
and standardized application.

This connector can be used with vein and arterial graft as well.

z Device design

The MVP system consists of two pairs of magnetic rings mounted on a de-
livery device to facilitate placement (Fig. 6). One pair of magnets forms the
anastomotic docking port within the graft, and the other pair forms an
identical anastomotic docking port within the target vessel. One ring lies
in the vessel lumen and the other one lies on the adventia in such a way
that the vessel wall is squeezed between the two rings. In the second gen-
eration device, the magnet size and shape have been modified in order to
reduce the amount of foreign material exposed to blood. In the new device
the internal magnets are held in place by two external magnets which are
placed outside the vessel on the lateral wall. This allows an increase of the
effective anastomotic area (now 6.0 mm2). The new delivery system sepa-
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Fig. 6. a MVP II generation. The vessel wall is squized in between the intraluminal and extra-
luminal element. b The MVP system (II generation) consists of 6 magnetic gold-plated rings
and 2 delivery systems for completion of the connection. Pictures show and LIMA on LAD ana-
stomosis. a Sizing of LIMA artreriotomy. b The intravascular magnet is positionned inside the
LIMA. c and d External magnets ensure the device vessel connection. e LIMA is ready to be
connected to LAD. The same procedure is done on the target coronary. f The 2 ports are then
brought together, and the magnetic field maintains the apposition and forms a reliable side-to-
side anastomosis.
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rates the actuating trigger from the actual delivery platform; this decreases
the likelihood of unintended motion of the platform during the manipula-
tion [17].

To allow perfect alignment of the 2 rings lying on the opposite side of
the vessel wall, the arteriotomy or venotomy has to have very precise
lengths, otherwise some tissue can protrude into the anastomotic lumen
and compromise the flow. The 2 magnetic ports are then brought close to
each other to complete the anastomosis and the coupling process is real-
ized by the magnetic attraction between the two ports. The anastomosis
can, of course, be disrupted if enough force is applied to the graft in any
direction. However, the coupling force seems strong enough to prevent in-
advertent disruptions.

It exists in 2 sizes: for coronary arteries of 1.5 and 2 mm in diameter.
The MVP system has multiple advantages which include ease of use, re-

producibility, and a brief learning curve. Also, the device does not exert ra-
dial stress on the vessel wall or the anastomosis, nor does it require vessel
wall eversion which could produce vessel distortion. The deployment sys-
tem is rapid, precise, and applicable to both venous and arterial conduits.
One of the major benefits of this technology is that if, after completion of
the arteriotomy, the placement of the magnets is not satisfactory, they can
be removed atraumatically. In the majority of cases, the same magnets can
be redeployed after the adjustment of the arteriotomy size, or the surgeon
can revert to a hand-sewn anastomosis.

z Experimental work up and clinical results

This connector has been the object of extensive animal and clinical studies.
Animal studies conducted in pig models, showed 1 month angiographic
patency of IMA on LAD or RCA of 33 out of 34 anastomosis, correspond-
ing to 97% [15]. Six animals were followed up to 6 months. All patent
anastomoses had TIMI III flow showing no stenosis. Gross inspection of
implants demonstrated complete neointimal coverage and histologic studies
confirmed complete neointimal coverage of the endoluminal magnetic sur-
face. No significant luminal obstruction as late as 6 months. Signs of
chronic inflamatory reaction as foreign-body giant cells and mature col-
lagen fibrils were seen in contact with the magnets. However, very few
signs of acute inflammation were found. There were no polymorphonuclear
leukocytes or lymphocytes present and no signs of tissue necrosis (Fig.
7 a, b).

The last, is a very important point since one of the major concerns re-
sides in the fact that the vessel wall participating the anastomosis con-
struction receives very low blood supply because it is squeezed between
the 2 magnetic rings. As seen in other devices requiring wall eversion, this
can induce necrosis or atrophy of anastomosis edges with potentially cata-
strophic consequences.
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There are several clinical studies describing the preliminary experience
with the MVP device. The first report concerns the first generation connec-
tor [16]: 32 patients received LIMA on LAD anastomoses constructed with
the MVP. Three patients had a non hemostatic anastomosis after coupling
and were converted to hand-sewn anastomoses. Patency at patient dis-
charge was 93.5% in the MVP group compared to 91.7% in the running su-
ture group. However because lateral leakage was observed and the amount
of foreign material exposed to the blood stream was considerable, the de-
sign of the connector was modified. The same group published [17] a short
series of 10 patients in which the connector was used to perform LIMA on
LAD with minimal invasive direct CABGs (MIDCAB), demonstrating that
the connector design is ideal for the minimal invasive approach. The 6-
month angiography demonstrated 100% anastomosis patency and no ste-
nosis (Fig. 7 c). Other clinical studies demonstrated that this connector can
be easily used during MIDCAB with excellent early results [18, 19].
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Fig. 7. a Gross anatomy of 3-month LIMA on LAD
anastomosis in a sheep model. Magnets are cov-
ered by thin layer of neointima that does‘t affect
the anastomosis width. b MVP histology of LIMA
on LAD anastomosis in a sheep model 4 weeks
after the anastomosis construction. There is no sign
of artery wall necrosis. c Coronary angiogram 3
months after LIMA on LAD constructed with the
MVP. Anastomosis is widely patent.
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z Comments

One of the theoretical limitations of the MVP consists in the fact that it
provides a non compliant anastomosis. The presence of metallic rings sur-
rounding the anastomotic area do not allow for physiological changes of
the cross sectional anastomotic area during the cardiac cycle, resulting in
an anastomosis that has virtually zero compliance. Many studies in the last
20 years have underlined the correlation between myointimal hyperplasia
formation and anastomotic compliance: a stiff anastomosis is more subject
to stenosis than a compliant one [14].

Other potential limitations consists in the difficulty to deploy the mag-
nets onto a calcified coronary artery wall since it is necessary to “sand-
wich” the vessel wall between the central intraluminal ring and both lateral
pontoons. The device in its present configuration does not allow the con-
struction of diamond-shaped side-to-side anastomoses. Therefore a se-
quential anastomosis can only be constructed automatically if the graft
and target vessel are parallel to each other, a condition that is rarely ful-
filled in daily practice.

This anastomotic device is based on an ingenious and simple method
and early clinical experience is very encouraging. However, only more ex-
tensive and controlled clinical study will definitively assess the value of the
magnetic connector.

7.4 The Heartflo Anastomosis Device

The HeartfloTM Anastomosis Device (Perclose Inc., Redwood City, CA) is
one of the most promising surgical tools to facilitate end-to-side and side-
to-side interrupted suture anastomoses for CABG [20]. Ten years of arterial
closure device experience has led the Perclose’s engineers to develop the
“Heartflo” device [21]. Extensive bench testing and animal studies have
been performed to verify the design and functionality of the device.

z Device design

The Heartflo is a multi-suture anastomotic device and consists of a hydrau-
lically activated delivery mechanism and two branches, with each branch
housing needles and the opposite ends of ten 7-0 polypropylene sutures
(Fig. 8). This is a surgical instrument that automates the suture delivery
process during the anastomosis procedure via the simultaneous delivery of
ten standard 7-0 polypropylene sutures through the vessel wall of the graft,
and then through the wall of the coronary artery. After the automatic de-
ployment, the surgeon manually ties off the ten sutures to complete the
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anastomosis, similar to a hand-sewn interrupted anastomosis (Fig. 9). Crit-
ical for the tissue capture, is the size of the arteriotomy that is performed
with dedicated scissors making a 4 mm incision in which the device fits
perfectly. Animal tests showed that most of the time, tying 8 out of 10
stitches could guarantee haemostasis if the missed stitches are on the op-
posite side of the anastomosis.

z Experimental work up and clinical results

We have designed a clinical prospective study in order to assess the consis-
tency of the procedure, considering procedural success as a haemostatic
anastomosis obtained without adding extra stitches [22]. Secondary end-
points were:
z Time of anastomosis construction and ease-of-use issues (device inser-

tion, needle deployment and suture management on a three-point scale).
z Major adverse cardiac events: myocardial infarction, haemorrhage or

ischemia necessitating revascularization.
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Eleven patients scheduled for elective on pump CABGs were enrolled and
received a total of 15 anastomoses constructed with the device (12 end-to-
side and 3 side-to-side) on 2 mm target vessels. 13 out of 15 anastomoses
were completed with the device. 5 out of 13 required 1 additional stitch
and 8 out of 13 required more stitches to assure hemostasis. Average time
to perform device-supported anastomosis with interrupted sutures was
17 min. In 2 out of 15 cases the procedure was switched to a traditional
hand-sewn anastomosis. All patients survived and post-operative period
was uneventful. The 6 months follow-up showed no clinical or instrumental
evidence of residual ischemia in all patients.

The Heartflo seems to fulfill the need for a device that can reduce the
time for performing an interrupted suture anastomosis during CABG.

An automated suturing device that uses the same suturing material cur-
rently used in hand-sewn anastomoses holds great attraction. This device
does not leave endovascular material behind, and hence, is not likely to in-
duce intimal proliferation as in stent based devices. Furthermore, suturing
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devices that avoid eversion of vascular edges offer additional advantages
over clipping and other devices that cause edge eversion. The Heartflo does
not use bonding elements that could cause excessive wall strain that has
been proved to be deleterious for long term anastomoses patency [23].

The device seems to have some limitations, however. Arteriotomy must
be performed with dedicated scissors in order to achieve optimal tissue
capture. Bigger incisions dramatically reduce the percentage of tissue cap-
ture that is the major cause of anastomotic leak. Coronary artery must
have a diameter greater than 1.6 mm and the presence of vessel calcifica-
tions can reduce the tissue capture. In our series the average time to per-
form the distal anastomosis was 17 min which is still high if compared to
running technique and we believe the suture managing should be improved
to reduce the anastomotic time.
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Fig. 9. The Heartflo device for end-to-side coronary anastomosis: a vein graft is placed on the
device’s foot and needles are deployed to pass the sutures through the vein. b The foot of the
device on the coronary side is inserted in the coronary artery and needles are deployed. c 10
sutures of 7/0 polypropylene have been deployed through the coronary artery wall. d Sutures
are tied and anastomosis is completed.
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z Comments

The Heartflo concept is very attractive because of its simplicity and be-
cause it does not leave endovascular material behind. The device is a reli-
able instrument that provides reproducible coronary anastomoses with in-
terrupted suture technique, but this new technology needs some changes
in improving the tissue capture and in the process of handling and tying
sutures, before extensive clinical application. Once tissue capture and su-
ture management will be improved, this instrument will really help cardiac
surgeons in making end-to-side coronary artery anastomoses, even on
beating heart.

The production and distribution of the Heartflo Anastomotic Device is,
at the present time, suspended.

7.5 Converge Coronary Anastomosis Coupler

The Converge Coronary Anastomosis Coupler has been developed by Con-
verge Medical Inc., Sunnyvale, CA, on the base of coronary stent technol-
ogy. This device consists of a two-piece implantable coupler and instru-
ments for loading and delivery of the coupler and is intended to create an
elliptical end-to-side coronary anstomosis with a take off angle of 30�,
using vein graft and on beating heart.

z Device design

The two-piece implantable coupler includes a series of concentric mating
frames obtained with laser cutting technique from a single tube made of
Nitinol, that clamp vessel tissues together to enable healing (Fig. 10). The
vein graft has a minimal diameter of 3 mm and is placed over the inner
frame.

The outer frame is placed over the tissue-covered inner frame securing
the end of the graft in a sandwich configuration to ensure device-graft
connection (Fig. 11). The frames are then deflected with a dedicated de-
ployment tool for insertion into a coronary artery in a 30� take off angle
with an end-to-side configuration. Arteriotomy has to be 5 mm in length
to guarantee perfect graft-artery wall apposition with the target coronary
artery having at least a 2 mm inner diameter. The coupler is then inserted
into the coronary artery first with its toe, then with its heel, and the device
is released. Releasing the coupler, the deflected elements return to their
original shape and secure the distal part of the vein graft against the arte-
rial wall. The anastomosis is generally completed in less than 3 min. The
anastomosis has an elliptical shape and a cross-sectional area of 11.9 mm2.
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This complex design has the advantage of avoiding graft or coronary pierc-
ing and reducing the amount of metal exposed to the blood stream: the
BENIS is 21.6 mm2. In case of trouble, the coupler can be easily removed
using a special tool without damaging the coronary artery.

z Experimental work up and clinical results

Bench tests confirmed a minimally disruptive blood flow path and excel-
lent fatigue resistance of Nitinol frames. In an animal study involving 21
sheep, the 1 year patency rate of free carotid artery graft to circumflex ar-
tery was 100% assessed with angiogram and intravascular ultrasound.
Pathological examination showed a widely patent anastomosis in all cases
with no intimal hyperplasia and no anastomotic stenosis. The coupler
frames were covered with a thin layer of endothelium-lined neointima [24].
Those excellent results still have to be confirmed by clinical trials. Shoen-
eich and coauthors have successfully implanted the Coupler in 3 patients
scheduled for on pump CABGs. In one patient minor anastomotic bleeding
was controlled by arranging the bypass graft along the axis of the coronary
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Fig. 10. Schematic draw of
the saphenous vein-to-coro-
nary, 30� end- to-side coupling
device.
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Fig. 11. a The connector (metallic frame) is applied to the saphenous vein graft prior to its de-
ployment into the coronary artery. b How the coupler appears before its deployment into the
coronary artery.



vessel with fibrin glue. The average mean flow through the Coupler was
51 ml/min, compared to an average flow rate of 24 ml/min in convention-
ally sutured vein grafts [25]. The same group published the results of a
multicenter, prospective, non-randomized, open study enrolling 33 patients
scheduled for on pump and arrested heart CABGs receiving at least 1 ve-
nous bypass on the circumflex or on the right coronary arteries. All pa-
tients received 1 distal anastomosis constructed with the coupler and coro-
nary angiogram 2 months after surgery. In 4 cases, minor anastomotic
bleeding was treated by slightly changing the position of the coupler with-
in the anastomosis or with the use of fibrin glue. The post-operative period
was uneventful. After 2 months, one graft was occluded (96% coupler pa-
tency rate), and one showed 50% stenosis at the coupler level. 30 out of 37
hand sewn venous graft were patent (81% running suture patency rate),
but those results cannot be compared because the coupler grafts were done
on bigger coronary arteries with better runoffs.

z Comments

This is one of the most promising devices because it satisfies several crite-
ria considered fundamental for success: it provides anastomoses with opti-
mal takeoff angle and low BENIS and the coupler can be easily removed
without damaging coronary artery. However, loading the coupler onto the
vein graft is a long and cumbersome procedure that requires significant
graft manipulation and anastomosis leak seems to be common, but not
dramatic. Another potential disadvantage might be the clip mechanism that
holds vessel’s ends in place: it can cause endothelial trauma in case of ex-
cessive manipulation and relocation attempts. Furthermore, the intramural
stress within the coupled vessel walls could be as excessive to compromise
the healing processes. The last concern is how to follow up patients having
coronary anastomoses constructed with the converge device: angiography
seems to be inadequate because the internal and external metallic frames
give rise to artefacts. The device’s shape appears distorted so that no mor-
phological information about stenosis can be safely obtained.

7.6 Cardica C-Port

The C-Port, designed and manufactured by Cardica Inc., Redwood City,
CA, can be considered a novel and more sophisticated version of the sta-
pler proposed by Androsov in early 50’s, demonstrating, once more, that
new technologies make an old dream come true. The result is a device al-
lowing the construction of end-to-side anastomosis with interrupted suture
technique, the sutures being stainless steel staples (Fig. 12).
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z Device description

This anastomosis device includes an expandable tube configured in such a
way as to have a vein graft secured to the tube. The vein graft is pre-loaded
onto the delivery system: vein is inserted through the center of the tubular
delivery device and everted over the distal end. An arteriotomy of 5 mm in
length is then created and the graft is inserted into the coronary artery.
The delivery device has an expandable linkage positioned at its distal end
and its expansion causes a first radially extended flange to fold outward.
This first flange abuts the interior wall of the target coronary artery and a
second flange is formed which abuts the exterior wall of the target vessel,
trapping the coronary artery wall between the two flanges and securing the
end of the graft vessel into the arteriotomy. The C-Port system can be used
in conduits with diameters as small as 1 mm.

z Experimental work up and clinical results

The C-Port has been evaluated in a European multi-center, prospective, clin-
ical trial enrolling 110 patients scheduled for on pump CABGs. The trial com-
pared the 6 months patency rate of venous bypasses constructed using this
device to historical results achieved with traditional suture technique. Results
showed a patency rate of 97% versus 85%. For the first time, these excellent
results show that distal connectors may improve the outcome of vein CABGs.
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Fig. 12. a Cardica C-Port delivery system. b Schematic view of the interrupted sutureless ana-
stomosis constructed with the Cardica C-Port.



z Comments

Wall eversion and graft manipulation are potential drawbacks of this tech-
nique, but preliminary clinical results seem to refute this assumption.

With the current design 2–3 additional stitches are necessary to close
the anvil hole at the heel and toe. The anastomosis has a perfect geometri-
cal shape and the amount of blood exposed non-intimal surface is compar-
able to a sutured anastomosis, thus requiring no special anticoagulation
protocol. This is the only anastomotic device able to create a side-to-end
anastomosis in 1 mm diameter coronary artery. Moreover, it still works
properly if small coronary plaque is present.

At the present time, this is probably the most promising device for su-
tureless vascular anastomoses.

7.7 The S2 Anastomotic System

The Borst group from Utrecht has always been very active in the develop-
ment of new technologies applied to cardiovascular surgery, in particularly
in the creation of alternative ways to construct vascular anastomosis. One
of the most promising devices is the S2 Anastomotic System first presented
in 2002, allowing the construction of distal coronary anastomoses. This de-
vice has been developed by taking into account all the fundamental surgi-
cal principles of minimizing vessel wall trauma, foreign material, and non-
endothelialized surfaces exposed to the blood. It is an easy-to-use, one-shot
anastomotic device that significantly pushes the barrier for less invasive
coronary bypass surgery.

z Device design

The S2 Anastomotic System (S2AS), (iiTech BV, Amsterdam, The Nether-
lands) is a stapler designed to create side-to-side anastomosis. It consists
of a thin, expandable meandering ring (thickness 0.07 mm) and 8 margin-
ally broader, initially straight staples made of stainless steel and mounted
on a delivery system. Preloading consists of passing the device through the
free distal end of the graft and out through a 5 mm arteriotomy. After ex-
pansion, the connector creates a rounded octagonal anastomotic orifice of
slightly more than 2 mm diameter (Fig. 13). The staples are deformed to a
circular shape of 0.5 mm diameter. The connector is suitable for target cor-
onary arteries of 1.6 to 2.1 mm ID, with a graft size of at least 2 mm ID.
The applicator securely covers all staple points until firing-off the device,
allowing safe intravascular manipulation, positioning, and removal without
firing-off, if necessary. One of the key points is the sequence of actions that
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control device deployment. The first is radial expansion of the “meander-
ing ring” followed by closure of all staples. This sequence provides an un-
hindered introduction of the device into the vessels and helps to reliably
position the vessel walls between the anvils before stapling. Smooth intro-
duction into the target vessel is supported by a shoe-like structure at the
tip of the device. Subsequently, the device is introduced into the arteriot-
omy of the targeted coronary artery in a position perpendicular to the epi-
cardium by first inserting the toe of the shoe in a way comparable to the
introduction of an aortic punch. As a result, any contact between the back
wall of the coronary artery and the staples is avoided. The applicator is ac-
tivated by remote control using a hydraulic pressure unit connected to the
applicator with flexible tubing to avoid transmitting any undue forces to
the vessel tissue. When the pressure is released, the device returns to the
unexpanded state for controlled withdrawal from the anastomosis site and
the distal stump of the internal thoracic artery graft. The anastomosis is
completed with a clip closing the distal free end of the arterial graft [27].

z Experimental work up and clinical results

The S2AS was used in 10 adult pigs on a antiplatelet regimen. In each ani-
mal, the device was used to create an internal thoracic artery to left ante-
rior descending bypass on beating heart. A small arteriotomy of approxi-
mately 1 mm was made in the internal mammary artery using a 15� micro-
surgical knife followed by insertion of a conical tool to produce a stan-
dardized opening of approximately 2 mm in diameter. Next, the arterial
graft was mounted onto the distal end of the S2AS applicator between the
anvils of the staple-like connector. After coronary occlusion, the LAD arter-
iotomy was performed in a stepwise fashion. First, a small 1-mm incision
was made with the 15� microsurgical knife which was extended to approxi-
mately 2 mm using standard microscissors. A conical tool was used in an
upstream direction to check the size of the arteriotomy and slightly dilate
it, if necessary, to ensure subsequent smooth insertion of the device. Next,
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Fig. 13. Schematic view of the
coronary anastomosis con-
structed with the S2 Anasto-
motic System.



the mounted S2AS was inserted into the LAD, and after scrutinizing for
proper positioning, the applicator was activated, resulting in expansion fol-
lowed by closure of the staples of the vessel connector. Subsequently, the
applicator was withdrawn from the distal end of the graft. After clip place-
ment on the distal graft to convert the side-to-side anastomosis into an
end-to-side configuration, perfusion through the graft was initiated, and
the LAD was ligated proximal to the anastomosis.

The anastomoses were evaluated intraoperatively and at 5 weeks by
functional flow measurements, postmortem angiography, and histomor-
phologic examination. In all pigs, the device rapidly created successful
anastomoses on target vessels of 1.6 to 2 mm inner diameter, with coronary
ischemia time of 3 min. There were no technical failures or anastomotic
leaks requiring additional sutures. Both intraoperatively and at the time of
death, angiography demonstrated widely patent bypasses, with FitzGibbon
grade A in all animals.

The macroscopic examination revealed an anastomotic orifice of 2 mm.
Histomorphologic evaluation showed a normal healing response with negli-
gible neointima covering the connector and limited streamlining repair tis-
sue formation between the staple-like elements of the connector (Fig. 14).
Thickness of this layer ranged from 30 to 100 �m on the metal parts to
300 �m in places where anastomotic recesses, resulting from the anastomo-
tic configuration, had been covered. Full-thickness medial necrosis was re-
corded near the penetrating staple elements of the ring frame. No medial
necrosis or thinning of either the coronary or the thoracic artery was ob-
served in between the staple elements. No extensive or full-thickness media
inflammation was seen in any of the anastomoses.
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Fig. 14. Histologic transverse cross-section of a
LITA-to-LAD anastomosis at 5 weeks postoperative-
ly. Note the internal connector covered by small
layer of neointimal tissue. ITA, internal thoracic ar-
tery; LAD, left anterior descending artery.



z Comments

This experimental study demonstrates that the S2AS consistently created
automated, fast, and reliable internal thoracic to coronary artery anastomo-
ses on the porcine beating heart with excellent graft patency and healing
characteristics. When compared to other coronary anastomotic connectors
the S2AS includes 4 usefull features:
z The delivery system guarantees by radial expansion the correct tissue

positioning between the anvils before stapling takes place.
z The anvils allowed the exertion of force directly on the staples.
z The blood exposed non intimal surface is limited to 0.07 mm avoiding

the necessity of aggressive anticoagulation or antiplatelet therapy.
z With the staple ends completely covered by the anvils, perpendicular in-

troduction of the S2AS applicator can be performed easily and without
the risk of capturing the back wall of the coronary artery.

An important additional advantage of the side-to-side approach is the fa-
vourable take-off angle and complete directional freedom of the graft that
prevents kinking. However, this study has a limited follow-up and these re-
sults need to be further substantiated with longer-term survival studies. In
addition, the feasibility of the system in small-caliber, human, atheroscle-
rotic coronary arteries remains to be established.

7.8 Distal Anastomotic Device

The Distal Anastomotic Device (DAD) designed and manufactured by By-
pass Ltd, Hertzlia, Israel, permits the construction of elliptical sutureless
coronary end-to-side anastomoses with either arterial and vein graft.

z Device design

The DAD is an elliptical Nitinol ring provided with 8 pins that auto ex-
pands adapting itself to the coronary anatomy. The vein or artery graft is
inserted through a side opening in the delivery system that has the DAD
pre-charged at its distal end and passed trough it using a special snare.
The distal end of the graft is then pierced with the 8 pins in order to en-
sure the device-graft connection. The device is inserted into the coronary
in which an arteriotomy has been done using dedicate scissors and the
connector delivered. Pushing a button, the pins diverge to approximate and
fix graft and coronary walls. Minimum coronary diameter is 2 mm. Proxi-
mal anastomosis can be done before or after the automatic distal one, at
the surgeon’s convenience.
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z Experimental work up and clinical results

The efficacy and long term patency of this device has been assessed in a
sheep model [28]. The study design consisted of creating 20 coronary ar-
tery bypasses on beating heart, using saphenous veins or internal mam-
mary artery as conduit and the DAD for the construction of the distal ana-
stomosis. Bypass patency was assessed with transit time flowmeter soon
after the anastomosis construction, and after 6 months. The average time
required for the construction of the sutureless anastomoses was less than
30 s. Half of the anastomoses leaked and 6 required additional stitches to
control the bleeding. All anastomoses were open immediately after their
construction and the pulsatility index was above 3 in all cases. The 6
months follow up showed that 3 out of 20 anastomoses were occluded
(15%), and 9 out of 20 had important myointimal hyperplasia, with a mean
thickness of 400 �m, causing significant luminal stenosis. Almost all anas-
tomoses were found to have mural injuries to the graft as well as to the
coronary artery. However, all those results are substantially equivalent to
those obtained from a control group.

z Comments

The success of this device has yet to be established and even if the take off
angle is optimal and the anastomosis width is favourable, this animal study
has shown a few of the device’s limitations in terms of achievement of opti-
mal tissue capture which can be reduced when the incision is too large
and cause bleeding. On the other hand, a smaller arteriotomy can hind de-
vice insertion into the coronary artery. The graft loading is cumbersome
and time consuming. Results in terms of graft occlusion and stenosis due
to myointimal hyperplasia, are not encouraging even if they do not differ
from controls. Moreover, in 8 out of 20 devices, the disconnection between
the Nitinol and stainless steel components was detected, and, even if those
fractures were not associated with bleeding or anastomosis disruption and
are probably due to the device manipulation during the device explants
and examination, their presence suggest that this device deserves addi-
tional fatigue tests.
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z Introduction

Over the past ten years, vascular surgeons have witnessed very few changes
in their domain, with the exception of the endovascular treatment of some
vascular diseases, probably because they are traditionally conservative
adopters of new technologies. However, they are now more receptive than
ever to any new devices and procedures that can potentially facilitate their
everyday work and increase patients’ benefits. The introduction of mini-
mally invasive techniques for major vascular reconstructions is a potential
solution that could both save the vascular surgeon’s core activity and re-
duce patient trauma. In this context, the medical industry can consistently
help the surgeon in dealing with vascular reconstructions that are more
and more complex due to the aging population and the increasing number
of patients’ comorbidity. Performing standard suture techniques for vascu-
lar anastomosis construction by endoscopic means, requires tremendous
surgical ability, has a very long learning curb and it is a time consuming
procedure. Furthermore, it is a matter of fact that when the surgical proce-
dure becomes very technically demanding the surgical risk increases as
well. Therefore, to make the endoscopic approach widely accepted, sur-
geons need an alternative way to construct vascular bypass in order to re-
duce the technical demand and speed up the procedure. It is mandatory
that the clinical outcome remain the same if not improve.

In this chapter we review the most advanced sutureless techniques for
vascular reconstruction, their secrets and potential pitfalls.

8.1 Vessel closure system

In 1985, Kirsch and associates from Loma Linda University (CA) developed
an original method for the construction of both end-to-end and end-to-
side microvascular anastomosis using microclips. This technique consists
of arcuate-legged clips applied to everted vessel edges in an interrupted
fashion forming a flange [1–12]. The Food and Drug Administration

Sutureless anastomotic devices
for vascular surgery
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granted vascular anastomosis and reconstruction approval to market in De-
cember 1993, and the device was designated the VCS (Vessel Closure Sys-
tem) clip applier system by the United States Surgical Corporation (USSC,
Norwalk, Connecticut). Despite marketing clearance, the USSC decided to
withhold general distribution of the device until two prospective, random-
ized clinical trials were conducted [14, 15]. So far, this is the sutureless anas-
tomotic device for which we have acquired the largest experimental and clin-
ical experience with more than 70 peer-reviewed articles published.

z Device design

Clips are made of titanium and are available in 4 sizes, based on the dis-
tance between the fully open jaws of the clip: small (0.9 mm) medium
(1.4 mm), large (2.0 mm), and extra large (3.0 mm). The system is com-
posed of a clip applier that acts as an everting forceps, and a clip remover.
Once the clip is fired, it produces a focal and interrupted compression of
the everted vessel wall without penetration of the vessel lumen or changes
in lumen diameter.
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Fig. 1. VCS clip in open (left
side) and closed (right side)
configuration.

Fig. 2. a Shematic representation of VCS use. b Intraoperative view of end-to-side anastomosis
constructed with VCS.
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Therefore, the clip is defined extravascular or non-penetrating and this
is probably the key element for the excellent long-term results in terms of
anastomosis patency. This technique demands precise vessel preparation
and the result is an interrupted suture anastomosis with wall eversion and
intima-to-intima apposition. The arcuate legs and back span confer the
property of auto regulating the final pressure between the clip tips.

VCS can be used with arteries, veins and PTFE graft as well.

z Experimental work up and clinical results

The VCS clips have been tested in several animal models depending on the
target application: from rat to calf model, the VCS was used to construct
microvascular anastomoses as well as aortic repair. The parameters most
frequently determined were patency, the healing pattern of the anastomo-
sis, and the anastomotic time.

If we consider the studies in which the patency was assessed with duplex
sonography or angiography and the mean follow-up is over 30 days, pa-
tency rates varied from 89% to 98%, and were, in general, similar to the
sutured controls. In two experimental studies lower patency rates for clips
were reported. Interposition bridge grafts performed by Gerbault and co-
workers [16] in rat vessels ranging from 0.3 mm to 2 mm in diameter had
patency rates approaching 75%. However, with four anastomoses, this was
a small group and there were no sutured controls. Akita [17] experienced
patency rates down to 43% for clipped 2-mm polytetrafluoroethylene
(PTFE) grafts compared with 100% for sutured controls.

Further assessment of the experimental clipped anastomosis included
tensile strength, blood flow profile measurement, intimal hyperplasia thick-
ness, compliance measurements, and endothelial function analysis. Tensile
strength of clipped anastomoses was tested in several different models.
Kirsch [5] found that clipped microvascular anastomoses come apart at
pressures higher than 400 mmHg, which far exceeds clinical systolic blood
pressures and Pikoulis [18] substantially confirmed those results in a pig
model where anastomoses on iliac arteries were performed.

Most reports demonstrated that the healing pattern with clips was simi-
lar to if not better than that with sutures. In the acute phase, the number
of inflammatory and multinucleated giant cells, and the amount of fibrin
and platelet aggregation is reduced with clips [19]. In addition, the expo-
sure of the subendothelial matrix to the blood stream is more extensive in
the sutured specimens. Almost all longer-term studies have shown that the
degree of intimal hyperplasia is similar [19] or less [20] with clips as com-
pared with sutures (Fig. 3).

With regard to anastomotic compliance, Baguneid [21] showed in in-vi-
tro experiments that anastomoses performed with clips resulted in im-
proved paraanastomotic compliance profiles and reduced intimal damage
when compared with running sutures.
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The suture technique employing the VCS is considered a time sparing
procedure with respect to standard interrupted suture technique. Even if
the anastomotic time depends on several factors, such as the surgical expo-
sure of the vessels, the vessel diameter, the length of the anastomosis, the
surgeon’s skills, and the quality of the vessels to be anastomosed, clips are
associated with reduced anastomotic times mostly because the knot-tying
phase is avoided.

The VCS clips have been used in the last 10 years in various clinical set-
tings, from microvascular tissue transfer to transplantation surgery.

In an elegant study, Zeebregts and co-workers reported on the use of
small- and medium-sized clips in 65 arteries and 45 veins during free tis-
sue transfer [22]. The results were compared to those of conventional su-
tured anastomoses and anastomoses made with the Unilink ring system
(3M Healthcare, St. Paul, Minnesota). The mean anastomotic time when
either clips or rings were applied was significantly shorter than that with
sutures. Early flap failure was caused by arterial anastomotic failure in 8
cases. All were sutured and represented 5% of all sutured arterial anasto-
moses. None of the clipped arterial anastomoses failed. Early flap failure
was caused by venous anastomotic failure in 11 patients. Three of these
were sutured, representing 6% of all sutured venous anastomoses; 7 were
anastomosed with rings (5%); and 1 was clipped (2%). It was concluded
that the patency rate of clipped vessels was at least as good as patency
rates of vessels anastomosed with sutures or rings.

The largest clinical experience with clipped vascular constructs is with
vascular access for hemodialysis. Papalois reported one of the largest series
enrolling 50 patients in which the VCS was used to create A-V fistula [23].
The anastomotic time was approximately 5 min. In 3 cases it was necessary
to apply one extra clip to stop minor anastomotic bleeding. After a follow-
up of 2 months to 1 year, all fistulas were in use for dialysis.

Cook [24] conducted a prospective randomized study in which 41
clipped and 45 sutured access procedures with 6-mm PTFE loop grafts
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Fig. 3. Scanning electron mi-
croscopic view of the anasto-
motic line of end-to-end ana-
stomosis of rat abdominal aor-
ta 4 weeks postoperatively:
clip closure (a) has smooth en-
dothelial layer, while inter-
rupted polypropylene suture
(b) has some degree of myoin-
timal hyperplasia. a b



were entered. The follow-up time ranged from 0 to 36 months with an
average of 17 months. Both primary and secondary patency rates, as well
as flow characteristics, were similar. Although the clipped anastomoses
were safe, they had no patency advantage over sutured ones in this study.
Cooper [25] retrospectively reviewed the clinical course of 48 clipped PTFE
graft anastomoses and compared them with 34 sutured controls. There was
no significant difference in incidence of graft infection or pseudoaneurysm
formation. Although operation times were reduced with clips, primary pa-
tency rates and complication rates were similar.

A major advantage of using VCS in transplant surgery is the possibility
to reduce the graft ischemic time. Jones [26] reported in his series of 21
consecutive clipped renal transplants a 51% reduction of the warm isch-
emia time when compared with a historical group of 31 sutured renal
transplants (24.0 and 42.4 min, respectively, P < 0.005). Patients with se-
verely diseased iliac vessels did not receive clips but were included in the
control group. The clipped anastomoses were associated with three compli-
cations. First, there was acute thrombosis in one artery, which the author
attributed to the small size of the donor and recipient artery. Second, there
was a significant leak in an arterial anastomosis, since the clips were not
large enough to grasp both vessel walls. And third, there was a case of ve-
nous bleeding between clips, resulting from a size discrepancy between the
donor vein and the venotomy. All three complications were repaired with
conventional suturing, and none caused any irreversible damage.

Kirsch [27] reported the results of 100 clipped patch angioplasties after
carotid endarterectomies in 97 patients, all carried out by the same sur-
geon. The follow-up period ranged over 5 years. Four patients had wound
hematomas requiring reexploration; 1 patient experienced a major stroke
in the immediate postoperative period; and another patient had a transient
ischemic attack that resolved within 24 h. None of the clipped carotid an-
gioplasty patients developed a hemodynamically significant postoperative
stenosis.

Aarnio et al. [28] described a series of 17 patients with severe claudica-
tion or incipient gangrene of the foot, who underwent bypass surgery with
clipped vascular anastomoses. The arterial reconstruction included 16 fe-
moropopliteal and 1 femorotibial bypasses using either greater saphenous
vein or PTFE graft. Altogether 26 of the 34 anastomoses could be made
with clips, all of which were patent with duplex examination at an average
of 11 months after operation. Clips could not be applied in the remaining
8 anastomoses, because the arterial wall was too thick and calcified. Posta-
nastomotic leakage occurred in 4 of the 26 anastomoses owing to poor ap-
position of anastomotic walls, necessitating the placement of additional su-
tures.
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z Comments

The VCS clips have proven to be versatile and provide the surgeon with the
option of a successful nonsuture alternative. VCS clips have been used
world-wide in approximately 30,000 vascular cases since January 1997:
20,000 vascular accesses, 5,000 femoropopliteal and aortofemoral recon-
structions, 2,000 carotid reconstructions, 3,000 microvascular, transplant,
arteriotomy and venotomy closures, and 3,000 miscellaneous cases [13].
The vast majority of publications pertaining to the VCS clip over the past
5 years have been positive or at least, showed results comparable to suture
technique. Positive clinical outcomes seem to be correlated with the im-
proved physical characteristics of the clipped interrupted anastomotic line
as opposed to the appearance of the conventional, penetrated running su-
ture. An asset of the clip is that it does not penetrate or disrupt endotheli-
um, nor does it reside intraluminally. The clipped anastomotic line is inter-
rupted, allowing for improved compliance and the anastomotic sites are
promptly and completely endotheliazed, whereas intraluminal suture mate-
rial is associated with endothelial breakage and platelet deposition. These
clip-mediated events translate clinically into a smoother laminar flow pro-
file, and a flush interface between endothelial cells and vascular graft with
reduced anastomotic intimal hyperplasia.

Clip constructs have equivalent or greater burst and tensile strength
than sutured constructs.

However, this technique has a few limitations. The major pitfall is that
there is the real and fundamental need for symmetrical vessel wall eversion
and approximation with additional corner stitches and the use of everting
forceps prior to clip placement. The learning curve is long and steep and
correct deployment of VCS clip requires a surgical skill as much, if not
greater, than for suture technique. Experience over the past few years has
demonstrated that the necessity of symmetrical eversion prior to applica-
tion of a secure clip requires skill, practice, and teaching. Training courses
provide a “hands-on” environment that may be superior to learning in the
operating room. Learning the VCS technique by the “see one, do one, teach
one” adage in live surgery is a real pitfall, as the surgeon does not have the
opportunity to explore acceptable and unacceptable limits of the clip sys-
tem such as clip spacing and sizing and controlling clip security [13].

8.2 The one-shot system

The one-shot device allows the multiple firing of VCS clips and can be
considered the natural evolution of the VCS concept. This technology
should overcome the limitations of the VCS single apposition and fulfills
the need for quicker high-quality anastomoses.
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z Device design

The instrument (United States Surgical One-Shot system United States Sur-
gical Corporation, Norwalk, CT) simultaneously applies either 10 or 12
nonpenetrating, arcuate-legged titanium clips to symmetrically everted ves-
sel or prosthetic conduit edges, enabling the construction of compliant
end-to-side and end-to-end anastomses (Fig. 4). The anastomotic device
consists of a circumferentially preloaded, disposable cartridge (10 to 12
clips) activated by one squeeze of the instrument handle. The graft is
pulled through a disposable cartridge housing the 12 medium or large VCS
clips, and then everted over the distal clip tips. Because symmetrical vessel
wall eversion and approximation is critical to successful clip application,
an optimally everted intima-to-intima configuration is attained by the con-
tour of the disposable clip-containing cartridge within the recipient vessel.

The loading unit everts the opening in the recipient vessel and main-
tains approximation to the already everted donor vessel held in place by
the exposed clip tips. After the clips are fired simultaneously, the car-
tridges separate to allow easy withdrawal of the device from the anastomo-
tic construct. The disposable cartridge is angled at 45 degrees to accom-
plish an oblique end-to-side anastomosis and filled with either 10 or 12
large or medium VCS clips, depending on vessel diameter and thickness.
Dimensions of disposable loading units vary in size to enable anastomosis
of vessels as small as 1.8 mm outer diameter. A special configuration is
being tested for synthetic polytetrafluoroethylene graft conduits, but is not
yet commercially available. The device works well with expanded polytetra-
fluoroethylene prosthetic conduits.
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Fig. 4. One-shot stapler with a
cartridge that is loaded cir-
cumferentially containing 12
equally spaced clips. Inlay
shows the tip of the one-shot
stapler.



z Experimental work up and clinical results

The device has successfully created jugular vein interpositional jump grafts
in the pig common carotid artery and femoral vein jump grafts in both
dog and pig femoral arteries (20 animals). Fourteen consecutive porcine in-
ternal mammary (2 mm outer diameter) to left anterior descending (2 to
3 mm outer diameter) end-to-side coronary anastomoses have been per-
formed and are currently in long term follow-up. Clipped anastomotic con-
structs are at least physically and functionally equivalent to control suture
constructs and demonstrate augmented blood flow. Clipped anastomotic
constructs are “blood-tight” in contrast to those created with sutures, and
have physical properties (burst, tensile, strength) equivalent or superior to
those attainable by suture.

The interrupted, nonpenetrated, flanged anastomotic line formed by
clips has proven in both experimental and prospectively randomized clini-
cal trials to be both biologically and technically superior to junctions at-
tainable by conventional, hand-sewn vascular anastomoses [29, 30].

z Comments

The one-shot device represents a technical advance over the standard clip
applier because the entire anastomotic circumference is formed simulta-
neously, thus facilitating the reconstruction and reducing the risk of clip
misplacement. However, even if FDA approval was obtained in 1997 and re-
sults are promising, this device has not been widely accepted. The reasons
could reside in the fact that wall eversion causes the loss of 3 to 4 mm of
vessel length and the vessel wall has to be soft enough to allow the ever-
tion which is rarely the case with diseased arteries.

8.3 The Vascular Join

The sutureless anastomotic device presented in this chapter fulfils all the
above described needs and represents a breakthrough product that will
probably establish the new gold standard for vascular anastomosis.

The Vascular Join (Idee & Sviluppo LLC, Bologna, Italy) is a break-
through surgical instrument enabling the restoration of any severed vessel’s
continuity and integrity without using any of the suture or non-suture
techniques ever described. Vessel edges are joined layer by layer and no
foreign material is exposed to the bloodstream resulting in an almost com-
plete “restitutio ad integrum”, as Romans used to define a complete recov-
ery.
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z Device design

The Vascular Join consists of two metallic rings each of which is fixed to
the extremity of the two conduits being joined together. A third Teflon
based element keeps the two rings together with a snap-on system and
guarantees the continuity of the severed conduit in an end-to-end config-
uration. No limitation of use exists with respect to vessel size.

A schematic representation of the procedure is reported in Figure 5.
In the end-to-side, having 45� takeoff angle configuration, a saddle ele-

ment is attached outside the target vessel by means of hooks that penetrate
the vessel wall without going trough it. An oval arteriotomy is created
using a dedicated rotary blade. The graft, with a pre-mounted 45� ring, is
then inserted to complete the anastomosis (Fig. 6).
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Fig. 5. a and b: One connecting element is inserted onto the vessel end using the delivery de-
vice. c The same procedure is repeated on the other end of the severed vessel. d The 2 ele-
ments are snapped on. e The anastomosis is completed. f Vascular Join mounted on 6 mm e-
PTFE graft.

Fig. 6. Vascular Join end-to-
side anastomotic device. The
sadle element is positioned
onto the vessel (side part) ves-
sel-device connection is en-
sured by extravascular hooks.
The end side has been loaded
on e-PTFE prosthesis.

a b c

d e f



z Experimental work up

After extensive bench tests, an animal study has been designed to address
the following endpoints:
z Consistency and reproducibility of restoring vessel continuity avoiding

bleeding and/or flow turbulence;
z assessment of the “layer by layer” vessel apposition;
z assessment of the absence of foreign material in the vessel lumen;
z consistency and reproducibility of the sutureless anastomosis when an

artificial conduit (ePTFE graft) is used;
z occurrence of thrombosis and stenosis due to myointimal hyperplasia

compared to running suture technique;
z early and long term patency rate with respect to running suture tech-

nique.

In 20 adult sheep both carotid arteries were isolated, severed and anasto-
mosed in end-to-end fashion using the connector on one side (Fig. 7). The
same procedure was repeated on the other side, but the anastomosis was
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Fig. 7. Animal 3 (adult sheep).
A 6 mm � connecting ele-
ment has been deployed at
the distal part of a severed
carotid artery. The device guar-
antees the perfect opening of
the vessel lumen: anastomosis
shape and diameter are deter-
mined by the connector diam-
eter. a Note the absence of
metallic or plastic material in
the vessel lumen. b The end-
to-end anastomosis is com-
pleted.

a

b



constructed using the running suture technique (6/0 polypropylene) as
control.

In 5 animals, a 4 mm �, 30 mm in length, ePTFE graft is interposed in
between the severed carotid artery. On one side the anastomoses were con-
structed with the sutureless device (Fig. 8), on the other side with the run-
ning suture technique.

Animals received Aspirine 100 mg per day and all anastomoses were fol-
lowed up with echo-color doppler control at 1, and 3 and 6 months. In 5
animals carotid angiogram (Fig. 9) and intravascular ultrasound (Fig. 10)
were obtained at 3 months. Animals were sacrificed after 6 months and
histopathology examination was carried out.

All sutureless anastomoses were successfully completed. The device de-
livery system was extremely easy to use and no technical failure occurred.
In 2 cases a small leak occurred, but it was controlled with a few minutes
of sponge compression. It took less than one minute to perform each su-
tureless anastomosis versus 6 ± 3 min for running suture.

Doppler ultrasound has been used to assess the long term patency rate.
All sutureless anastomoses were wide open with maximal flow velocity of
100 cm/s (Fig. 11), meaning that there were no stenosis.
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Fig. 8. Figure 3: Animal 3. A
4 mm � ePTFE graft (IMPRA),
30 mm in length has been
used to create a carotid-to-car-
otid bypass. Both anastomoses,
proximal and distal, are per-
formed using two connectors.
Carotid flow distal to the ana-
stomosis is 400 ml/min.

Fig. 9. Three months carotid artery angiography. A
4 mm e-PTFE graft (IMPRA) has been used to per-
form a carotid-to-carotid artery bypass. Anastomo-
ses are wide open without signs of stenosis. Caro-
tid artery is 6 mm in diameter, while the graft is
4 mm: this justifies the diameter discrepancy seen
in the picture. Connectors are clearly visible on X-
ray.



Histology work up showed that metallic connector parts were within the
vessel wall (Fig. 12). No foreign material was detected in the vessel lumen,
and therefore, there was no contact between the blood stream and device
components. The “layer by layer” vessel apposition was confirmed. Vessel
width was respected. There wasn’t any sign of myointimal hyperplasia nor
inflammation.

z Comments

The Vascular Join is a reliable instrument that provides reproducible vascu-
lar anastomoses even with synthetic grafts. The 6-month follow-up shows
excellent results since the luminal width is comparable to that of the native
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Fig. 10. Three-month follow
up. IVUS demonstrated the
perfect junction between the
two severed parts of the ves-
sel. No intimal flap or dissec-
tion was detected.

Fig. 11. Three months follow-
up. Flow is laminar, without
acceleration or turbulence. The
mean flow velocity at the
anastomotic site is 50 cm/s.



vessel and the flow is laminar. Neither myointimal hyperplasias nor
chronic inflammatory reaction were seen.

One of the key elements that make this device totally different from all
other sutureless devices, is that there is no foreign material (metal or poly-
mers) inside the vessel. The ring stays outside the vessel and the connec-
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Fig. 12. a 4� magnification of axial section. Six months after sutureless end-to-end anastomo-
sis of the carotid artery. Vessel edges were properly aligned without signs of overlapping or
stenosis. b, c and d 10� magnification of axial section. The metallic component of the connec-
tor was within the vessel wall and no foreign material was in the vessel lumen. There was any
myointimal hyperplasia and integrity of the vessel wall was completely restored. e 10� magni-
fication. Circumferential section. Metallic pins were within the vessel wall. No myointimal hyper-
plasia was detected. No signs of chronic inflammation were visible.
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tion between the ring and the vessel is made in such a way that there is no
contact between the device and the blood stream. These unique technical
characteristics dramatically reduce the risk of thrombosis and myointimal
hyperplasia at the anastomotic site, definitely improving the anastomosis
long-term patency rate. Moreover, there is no need for anti-platelet drug
administration.

Another key element consists in the fact that intima, media and adventi-
tia of the severed vessel, are joined in a physiological way, avoiding the
vessel wall eversion. The 3 layers are faced “layer by layer” so that intima
is in contact with intima, media with media and adventitia with adventitia.
This is the first time a surgical technique for vascular anastomosis pro-
vides such a natural physiologic vascular reconstruction.

The third unique key element consists in the fact that this connector also
works with synthetic grafts (ePTFE and Dacron), either thick or thin wall,
of any diameter. This characteristic expands the clinical applications of the
vascular join to include even the most complex vascular reconstructions.

The Vascular Join is extremely easy to use and the anastomosis con-
struction takes less than 60 s. This surgical technique is simple and intui-
tive and, therefore, requires at most a one-day learning curve. The anasto-
moses are consistent and reproducible in almost all surgical conditions,
with vein and with synthetic grafts.
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z Introduction

The most remarkable targets achieved in the last two decades by scientific
progress in the domain of the cardiovascular diseases share at least one
technical element: the use of metal alloys. Coronary and peripheral stents,
endoprostheses and vascular connectors are all made of different metal al-
loys that are more than biocompatible: these devices are all permanently
exposed to the bloodstream and should last for a lifetime.

It is generally thought that almost all metals do not interact with the hu-
man immune system and do not affect biological functions. This is not
precisely true and could represent the unpredictable factor eventually lead-
ing to implant failure. In this chapter we review the most recent studies
concerning metal-body interaction, showing that this interaction is more
important than it seems because the human body attacks metal implants
resulting in a slow and progressive reduction of the metal’s physical prop-
erties.

z Characteristics of metals used in implants

The performance of any material in the human body is controlled by two
sets of characteristics: biofunctionality and biocompatibility. With the wide
range of materials available in the 21st century, it is relatively easy to satis-
fy the requirements for mechanical and physical functionality of implanta-
ble devices. Therefore, the selection of materials for medical application is
usually based on considerations of biocompatibility. Superior fracture and
fatigue resistance have made metals the materials of choice for traditional
load-bearing applications. When metals and alloys are considered, the sus-
ceptibility of the material to corrosion and the effect the corrosion has on
the tissue are the central aspects of biocompatibility. Corrosion resistance
of the currently used 316L stainless steel, cobalt-chromium, and titanium-
based implant alloys relies on their passivation by a thin surface layer of
oxide. Stainless steel is the least corrosion resistant and should be used for
temporary implants only. The titanium and Co-Cr alloys do not corrode in
the body; however, metal ions slowly diffuse through the oxide layer and

Human body and metal alloys:
the never ending fight
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accumulate in the tissue. When a metal implant is placed in the human
body, it generally becomes surrounded by a layer of fibrous tissue with a
thickness proportional to the amount and the toxicity of the dissolution
products and to the amount of motion between the implant and the adja-
cent tissues. Pure titanium may elicit minimal of fibrous encapsulation un-
der certain conditions, whereas the proliferation of a fibrous layer as much
as 2 mm thick is often encountered with the use of stainless steel implants.

z Fatigue-crack propagation in Nitinol

Nitinol is a titanium based thermoelastic material composed of approxi-
mately 50% atomic nickel which originally gained fame during the 1960s
for its shape-memory behavior. Nitinol has become an attractive replace-
ment for the currently used stainless steel based implantable medical de-
vices, because of its improved resistance to corrosion in the biological en-
vironment, its interesting nonlinear mechanical behavior, and its thermoe-
lasticity.

While the absence of corrosion fatigue, at least when a 10 Hz cycle is ap-
plied, and the persistence of the superelastic effect after cyclic loading are
excellent, the fatigue-crack limit below which the Nitinol is presumed inac-
tive, is found to be very low when compared to other metallic structural
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Fig. 1. Comparison of fatigue-crack growth rates for various biomedical metallic alloys. All tests
were conducted in air. Nitinol (NiTi) shows fatigue-crack growth rate significantly lower than
stainless steel (316L SS) and pure titanium.



materials used for biomedical implants. Figure 1 is a plot of the fatigue-
crack grow rates for Nitinol compared with other biomedical metallic al-
loys such us stainless steel, pure titanium, Ti6Al-4V and Cobalt-Chrome al-
loy (generally used for cardiac valve prostheses). Although these data are
for moist air environments rather than for simulated body fluid, the fatigue
limit is the lowest and the crack-grow rates are the fastest in Nitinol. Spe-
cifically, Nitinol is 6 times less resistant than stainless steel. However, it
should be noted that several of these alloys show a reduction in their
thresholds in corrosive environments whereas Nitinol appears to be far less
susceptible to such effects [2].

This comparison may be quite relevant for the architecture of endovas-
cular devices (connector included) having a very fine structure. Devices
have to be designed in such a way as to prevent any crack propagation
since the component size is so small that a crack, once initiated, would
quickly spread through the entire stent cross section with unfavorable con-
sequences.

z Clinical findings

Corrosion of any metallic implant is undesirable for two reasons. First, the
corrosion or degradation of the metal may make it structurally weaker or
diminishing proper function. Second, the resulting corrosion products may
react unfavorably with the tissue immediately adjacent to the metal implant
or even at distant sites in the body. In most cases, the corrosion rate
against the safe dose threshold and the potential subclinical effects of cor-
rosion products are perhaps of greater importance than the effects of cor-
rosion on the structural function of the metallic implants in biological sys-
tems.

The analysis of 6 Nitinol based endoprostheses retrieved 13 to 53
months after their implantation in patients, exhibited similar healing and
structural modifications. The woven polyester sleeve showed evidence of fi-
ber damage and breakage leading to the formation of openings. The lumi-
nal surface endografts showed incomplete healing characterized by a
poorly organized, nonadherent thromobotic matrix of variable thickness.
Multiple fractures of metallic wire were detected with conduit kinking.
Scanned electron microscopy of the cleaned Nitinol wires from all areas of
the explanted endoprostheses revealed corrosion on the surface of the
wires. Corrosion marks were distributed in a homogeneous fashion all over
the Nitinol wires (Fig. 2). In one specimen, highly corroded areas were ob-
served mostly near the platinum coil markers.

Ionic bombardment tests reveled signals for oxygen, nickel and titanium
increase, suggesting an oxidation process of the alloy. The chemical analy-
sis confirmed that the concentration of titanium and nickel on the surface
of the wires was not homogenous. The nickel concentration was 2 to 5
times less than that of titanium, regardless of the duration of the implanta-
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tion. The first layer was composed of carbon resulting from residual traces
of organic elements remaining on the surface after cleaning, followed by a
layer of highly oxidized titanium with low nickel concentration [3].

Galvanic corrosion may occur from differences within the metal itself.
For example, the distribution of the oxide coat may not be uniform, result-
ing in areas of relative oxygen deletion that are made relatively anodic.

The corrosion marks that were observed support the consensus that Ni-
tinol is not inert, so the biocompatibility of this material needs reappraisal.
Other studies have shown that a stable oxide layer at the surface of the al-
loy increases resistance to corrosion under physiological conditions [4, 5].
The uniformity, rather than thickness of this layer is the predominant fac-
tor in this improved resistance to corrosion. This layer also prevents the
diffusion of elements, cations or anions into the physiological environment.
The consequence of the release of Ni and Ti elements in the blood have
not been clearly established.

Some investigators have suggested that stent grafts used for the treat-
ment of aortic aneurysms my trigger a systemic inflammatory response
syndrome caracterized by low-grade fever and elevated C-protein levels
probably induced by cytokines released from the mural thrombus in the
aneurysm [6].

A closer collaboration between clinicians, engineeres and industry is
mandatory to validate the materials and structures used in current and future
bioprostheses and to obtain the best possible long-term outcome for patients.
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z Introduction

As it has been illustrated in the previous chapters, there is a great variety
of sutureless anastomosis devices and each of these is based on original
principles and has its pros and cons. All have been judged safe and consis-
tent and all show excellent experimental long-term results. For those being
the object of clinical studies, preliminary results are very promising. In
other words, all the presented devices can potentially succeed and replace
the standard suture technique. However, new generations of connectors
have introduced new issues to be evaluated including overloading, double
loading, skiving of aortic punch, variations in operative techniques and
graft movement. Therefore, it is not that easy to establish whether a su-
tureless device is a valid and safe alternative to suture technique and if it
can be widely used.

The experience with the first Nitinol connector has shown that if it had
been evaluated at 6 months by angiography, stenoses and occlusions would
have been discovered.

Anastomotic devices eliminate factors which contribute to poor patient
outcome but their benefits with new procedures are unresolved: the device
may contribute to graft failure for reasons that include compliance mis-
match, materials that promote local thrombus and inflammation, vessel
trauma caused by device deployment, design of anatomosis prejudicial to
laminar flow and difficulty with revision.

New anastomotic technologies are probably developing faster than the
profession’s ability to provide evidence-based data to support their applica-
tion. In 1994, The American College of Surgeons statement on emerging
technologies and the evaluation of credentials affirmed: “It is equally es-
sential that the value and safety of a new procedure be established before it
is widely used on patients” [1]. Behind this statement there is the need to
protect patients while promoting scientific progress.

Unfortunately, when we look at the history of cardiovascular surgery,
conclusive statements on long-term effectiveness and safety have not pre-
ceded the majority of vascular anastomosis devices being introduced in
clinical trials or directly marketed. Nowadays, new procedures and any sig-
nificant changes in conventional techniques should be adopted after they

Criteria for vascular anastomosis
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have been tested under controlled conditions and proved to be safe and ef-
fective. Moreover, if adverse event rates were high, the device would not be
acceptable, even if patency rate were good. Minimal safety and effective-
ness requirements for in vitro and in vivo animal studies, as well as what
is acceptable when device withdrawing is necessary due to technical failure,
must be defined. A standard animal model with each device subjected to
similar follow-up periods is needed to offer reliable comparisons between
devices before they are accepted for clinical use.

On the other hand, exceptionally demanding directives can jeopardize
the development of new technologies by intimidating potential innovators
as well as investors with evident consequences on the economical asset of
many medical industries.

To answer these complex ethical and economical issues, on March 2004,
the Food and Drug Administration had organised a meeting of experts.
The panel was asked to address 7 questions concerning:
1) the choice of control in the clinical trial required to evaluate vascular

anastomosis devices for CABG;
2) the study design characteristics (differences in proximal and distal su-

tureless devices) and criteria to determine whether a failure is device re-
lated;

3) the necessity of adopting different evaluation criteria for an arterial con-
duit and a venous conduit;

4) whether the primary endpoint of the study should be the graft patency,
the myocardial perfusion or both;

5) the criteria applied to the evaluation of the device safety, as distin-
guished from device effectiveness;

6) the duration of the follow up for premarket evaluation and the opportu-
nity for a post market follow up to assess long-term device effective-
ness;

7) the right tool to assess graft patency (angiography versus CT scan or
MRI) and the timing.

z FDA criteria for anastomotic technologies approval

There are two pathways by which a new medical device can come to the
United States marketplace. One looks very much like the process by which
a new prescription drug gains FDA approval. Approval requires a finding
that the device is safe and effective, or, more accurately, provides benefits
that outweigh its risks. FDA approval is based on the results of clinical
trials in randomized human subjects, whose data are submitted to, and
closely evaluated by the FDA. For example, a new implant of almost any
sort is likely to have gone through this premarket approval (PMA) process.

But the United States’ laws require another pathway to the market for
devices that represent modest advances on the existing technology. For
such devices the US law affords a less rigorous path to the market, known

z 10 Criteria for vascular anastomosis devices assessment136



as the 510 K or premarket notification process. To follow this pathway, the
maker must give the FDA advance notice of its plan to market the product
and demonstrate, not that the product is safe and effective based on clini-
cal studies, but it is substantially equivalent to an existing device or tech-
nique. This is a significantly less rigorous burden than required by the
PMA process.

On March 2004, FDA stated that sutureless anastomosis devices may fol-
low the 510 K pathway to be approved. Criteria for clinical study design
concerning connectors to be used in CABGs are:
z The primary endpoint should be patency.
z A randomised clinical trial is not necessary. However, some sort of con-

trol or comparison group is necessary. The type of control (intrapatient,
matched control or historical data) has to be determined on the basis of
statistical analysis. Propensity score may not be appropriate.

z Six month results are considered as long-term follow-up. Follow-up
longer than 12 months is too late because atherosclerosis could affect
the results.

z Anastomosis patency has to be assessed with angiogram. A post market
follow up is necessary for a minimum of 1 year and this could take place
by phone once patency is determined

z Results have to be compared to historical results of hand sewn anasto-
mosis at 6 months.

FDA mandated a study having as benchmarks the cut off values of histori-
cal 6-month patency rate of arterial (IMA) and vein (SVG) conduits routi-
nely used to construct coronary artery bypasses (Fig. 1). The handsewn su-
ture has a well documented history over the past 30 years [2]. From 1979
to 2001, 30 studies were published and results of a meta-analysis involving
6 275 LIMA on LAD grafts demonstrate a historical patency rate of 99% at
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1 month, 95% at 6 months and 94.5% at 12 months. A meta-analysis in-
volving 28 083 SVG demonstrates a historical patency rate of 87.9% at 1
month, 84% at 6 months and 82.7% at 12 months.

It is clear that attrition occurs in the first 30 days and reasonably good
science suggests that anastomoses heal at about 2 months. After that point,
failures are due to patient factors, ongoing atherosclerosis, and improper
medication. Six-month follow-up is considered reasonable for clinical stud-
ies; follow-up longer than 12 months is too late because atherosclerosis
dominates the outcome.

However, it should be considered that data on handsewn anastomoses
are 30 years old: back then, patients were younger, vessels were better and
diabetes was less common. Today, we face different patients and we should
assess today’s patency rates including the rates for off and on pump proce-
dures.

Study size calculation: in order to reach statistic significance (80%
power to have 90% confidence of a 5% interval), any clinical study aiming
to compare the 6 month patency rate of a new sutureless anastomosis de-
vice should include a minimum of 160 patients for IMA (90% patency)
and a minimum of 258 patients for SVG (80% patency).

Although CT-scan, MRI, and electron beam angiography are helpful,
conventional angiography still represents the gold standard for demonstrat-
ing graft patency and to detect possible stenosis and it also offers the addi-
tional possibility of percutaneous interventions if required. Qualitative and
quantitative methods should be used to evaluate each anastomosis. Where-
as qualitative methods would include estimates of TIMI flow grade and
general assessment of patency, quantitative evaluation includes assignment
of a FitzGibbon score. Finally, precise assessment of the luminal diameter
of the target coronary artery and of the graft proximal and distal to the
anastomosis as well as the diameter of the anastomosis itself would allow
the calculation of the ratio of the anastomosis to the coronary artery and
also the average percent of diameter stenosis.

In the last 50 years we have learned a lot about suturless cardiovascular
anastomosis and all this experience is the starting point for the next gen-
eration of devices that will eventually enable the construction of the ever-
patent anastomosis.
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